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 ABSTRACT 
S-NITROSOTHIOLS: ELECTRONIC STRUCTURE AND SUBSTITUENT EFFECTS 
 
 
Matthew J. Flister, B.S. 
 
Marquette University, 2015 
 
 
 S-nitrosothiols (RSNOs) are biologically important molecules involved in the 
storage and transport of nitric oxide (NO) and account for much of its signaling activity 
in living organisms. RSNOs have significant impact on NO signaling through, S-
nitrosation, a major post-translational modification of proteins. These unstable thiol 
derivatives readily undergo homolytic dissociation of the S–N bond to release NO. 
RSNOs have potential therapeutic applications as NO donors, although the development 
of novel RSNOs has been slow due to the complex electronic structure of the –SNO 
group. A specific focus on the impact of the –R group on RSNO properties via 
substituent effect study, should serve as a reliable means for systematic development of 
new RSNOs. 
 In this work, electronic structure calculations have been used to investigate 
substituent effects in RSNOs. A library of substituents was developed for substitution in 
several RSNO models, with emphasis on aromatic RSNOs (ArSNOs). Para-substituted 
PhSNOs showed a significant substituent effect despite the lack of conjugation between 
the –SNO group and substituent due to the non-planar nature of the –SNO group with the 
aromatic ring. A thorough computational study of PhSNO as the parent ArSNO revealed 
the primary mode of substituent effect, a novel cascading double conjugation. This 
conjugation motif involves the long-range delocalization of electron density from the 
oxygen lone pair to σSN*  orbital and then to the phenyl ring π-system, effectively 
connecting the –SNO group and substituent positions of the aromatic ring.  
 Detailed analysis of vinyl-substituted RSNO (VinSNO) was performed to further 
understand the fundamental interaction of a π-system with an adjacent –SNO group. The 
impact of the vinyl π-bond on the adjacent –SNO group of VinSNO again revealed 
cascading double conjugation as the dominant feature. In general, cascading double 
conjugation will effectively destabilize the S–N bond in ArSNOs, specifically those 
RSNOs with a π-system adjacent to the –SNO group. 
Computational study of PhSNO and VinSNO was also carried out using Lewis 
acids and external electric fields (EEFs) to explore their effect on the –SNO group as well 
as the cascading double conjugation. Application of both resulted in substantial 
modulation of the –SNO group properties. Furthermore, use of Lewis acids or EEF, in 
tandem with select substituents, is expected to improve the functionality of ArSNOs as 
NO donors and advance the development of novel RSNOs. 
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Chapter 1. 
 
 
 Literature Review 
 
 
1.1. Biological Role of Nitric Oxide 
 
 
Nitric oxide (NO) is a small, diatomic, free radical molecule that has a prominent 
role in diverse areas of the physical sciences. It is produced worldwide as a consequence 
of incomplete combustion. Interestingly, it is also produced directly during the electrical 
discharge of lightning strikes. Unfortunately, NO in the atmosphere is problematic, due to 
its fast oxidation to NO2, a pollutant greenhouse gas. The understanding of the biological 
role of NO has grown exponentially during 1980s–present, and NO is currently 
recognized as a vital signaling molecule in living organisms with effects including 
vasodilation, neurotransmission, immune response, etc.1-4 
Vasodilation is the most well-known and well-studied downstream effect of NO 
signaling.1,4,5 The biological response of vasodilation was first linked to NO by Robert 
Furchgott, who suggested it was the primary endothelium-derived relaxing factor 
(EDRF).6 Louis Ignarro and Salvador Moncada subsequently proved the assertion that 
NO was indeed EDRF.7,8 NO has been recognized for its importance in several ways 
including “molecule of the year” in 1992. The 1998 Nobel Prize in Physiology or 
Medicine was awarded to Furchgott, Ignarro, and Ferid Murad for their work concerning 
NO as a signaling molecule in the cardiovascular system.  
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Figure 1-1. Mechanism of NO signaling in vasodilation. 
 
 The vasodilation pathway begins at the surface of the endothelial cell where 
acetylcholine binds acetylcholine receptor. A channel in the cell membrane is opened 
upon binding and Ca2+ ions flow into the endothelial cell. The calcium ions activate 
endothelial nitric oxide synthase (eNOS), which converts arginine and oxygen into NO, 
Figure 1-1. Nitric oxide then diffuses into the smooth muscle cells and binds to soluble 
guanylate cyclase (sGC). Upon binding of NO to the heme iron of sGC, a Fe–His bond is 
broken, which causes Fe to move out of the porphyrin ring plane, Figure 1-2. Activated 
sGC then catalyzes the conversion of guanosine triphosphate (GTP) to cyclic guanosine 
monophosphate (cGMP). cGMP activates protein kinase G and subsequent protein 
phosphorylation leads to smooth muscle relaxation known as vasodilation. 
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Figure 1-2. Mechanism of NO binding to heme Fe of soluble guanylate cyclase. 
 
 Exogenous NO donors have long played an important role in vasodilation. A 
prominent example is nitroglycerin, a commonly used therapeutic NO donor for patients 
experiencing angina. Angina is chest pain caused by lack of blood flow to the heart 
muscle due to obstruction of the coronary arteries. Nitroglycerin is administered and 
produces NO in the blood stream resulting in dilation of the artery. This results in 
reduced stress on the heart muscle and is a desired therapeutic effect of NO. 
However, NO is important beyond its role in regulation of the cardiovascular 
system. Elevated expression of inducible nitric oxide synthase (iNOS) increases NO 
concentration and has been shown to promote tumorigenesis, the transformation of 
healthy cells to cancerous cells, associated with a variety of cancers including cervical, 
breast, head and neck, etc.9-13 Inhibition of iNOS has been linked to a reduction in lung 
tumor formation and colon cancer in mice.14,15 Additionally, elevated iNOS has been 
linked to angiogenesis by increasing vascular endothelial growth factor (VEGF), which 
promotes blood vessel growth and enhances tumor growth.16 
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1.2. Biological Role of S-Nitrosothiols 
 
 
 S-Nitrosothiols (RSNOs) play a major role in the signaling impact of NO on 
biological processes.17-20 RSNOs are generally unstable thiol (R–SH) derivatives, which 
function as storage and transport for short-lived NO.21-25 A pool of endogenous RSNOs 
including nitrosated cysteine residues in proteins and peptides carry out this transport and 
storage within biological systems. The nitrosated tripeptide glutathione (GSNO) is the 
major endogenous RSNO with concentrations of 1-5 μM in mammalian cells.26 
 The function of RSNOs in nitric oxide signaling is carried out via S-nitrosation, 
the transfer of NO to a select group of reactive thiols, often specific cysteine residues 
within proteins, Figure 1-3.27-32 Moreover, protein S-nitrosation is now recognized as a 
major post-translational modification involved in cellular signal transduction pathways. 
Thousands of proteins have been identified as substrates for S-nitrosation.33,34 
 
 
Figure 1-3. Protein S-nitrosation/de-nitrosation of cysteine thiol by NO. 
 
 S-Nitrosation can occur by several pathways including direct interaction of 
protein thiols with nitric oxide (NOx) species,35 low molecular weight RSNOs, and other 
S-nitrosated protein thiols. No enzymatic mechanism is proposed for general S-
nitrosation, although several specific cases of enzymatic promotion have been  
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reported.36-39 Although several biological functions have been linked to specific S-
nitrosated proteins.40-42 A well-known example is S-nitrosation of a cysteine resulting in 
inactivation of procaspase-3, an enzyme involved in apoptosis.19,26,43 Specifically, S-
nitrosation of the active cysteine of procaspase-3 renders it unable to function as a 
cysteine protease. A further example of regulation by S-nitrosation is thioredoxin, a 
protein that can transfer NO from its nitrosated cysteine to the active cysteine of 
procaspase-3.19,26,43 However, for the majority of S-nitrosated proteins, very little is 
known about mechanistic details and origin of cysteine selectivity. 
 The modification of a select group of proteins underscores the discerning nature 
of protein S-nitrosation.30,34,44,45 Moreover, among S-nitrosated proteins, only a select 
number of protein thiols are S-nitrosated, suggesting complex mechanisms for this 
process.29,31,46,47 A range of factors governing protein S-nitrosation/de-nitrosation have 
been proposed including protein conformation, electrostatics, hydrophobicity, orientation, 
proximity to transition metals, and protein-protein interactions. However, selectivity is 
still poorly understood.44 
 
 
Figure 1-4. Proposed neutral and anionic mechanisms of trans-S-nitrosation and S-thiolation reactions. 
 
 Two reaction pathways of protein S-nitrosation, further demonstrate the varied 
nature of RSNOs, Figure 1-4. Both reactions show RSNOs reacting in multiple ways as 
Trans-S-nitrosation: S-thiolation: 
+ HNOHS
R
S
R'
N
O SNO
R
SH
R'
+
S
R
S
R'
N
O SNO
R
S
R'
+
HS
R
S
R'
N
O S
R
S
R'
+ 1NO / 3NOS
R
S
R'
N
O S
R
S
R'
 6 
electrophiles. The major pathway of protein S-nitrosation is trans-S-nitrosation. It is the 
nucleophilic attack of a protein thiol at the nitrogen atom of an RSNO, leading to transfer 
of the NO group from thiol to thiol.17 This can occur with a neutral thiol, or significantly 
faster with a thiolate anion.  
S-thiolation is the alternative pathway of great interest in protein S-nitrosation. It 
involves the nucleophilic attack of a protein thiol at the sulfur atom of an RSNO, leading 
to possible production of HNO and formation of a disulfide bond.48-50 Experiments with 
exogenous HNO suggest that it is a powerful cardiac agent, with separate signaling 
pathways from NO.51-59 Moreover, S-thiolation is able to promote disulfide formation, and 
represents a reaction of great importance for biological function. 
 
 
Figure 1-5. Mechanism of GSNO interaction with protein thiols via trans-S-nitrosation and S-
glutathionylation. 
 
S-glutathionylation, Figure 1-5, is a prominent example of the S-thiolation 
reaction, which involves an abundant endogenous RSNO, S-nitrosoglutathione (GSNO), 
Figure 1-10. While GSNO may S-nitrosate certain protein thiols via trans-S-nitrosation, it 
exerts far-reaching influence via S-thiolation of protein thiols in a process known as S-
glutathionylation.60-67 S-glutathionylation can involve the reaction of a protein thiol and 
GSNO, resulting in a disulfide and HNO, Figure 1-5. However, it can also function as an 
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important de-nitrosating mechanism in which glutathione reacts with a nitrosated protein 
thiol to remove NO. The effects of S-glutathionylation have been linked to both inhibition 
and increase of enzyme activity, as well as change in protein stability.68-71 Moreover, 
specific instances of S-glutathionylation include regulation of apoptosis and control of 
signaling pathways related to viral infection, demonstrating the varied and large scope of 
effect.72,73 
Despite a basic understanding of S-nitrosation and a growing list of nitrosated 
proteins, the factors that govern nitrosation of specific thiol sites within specific proteins 
are still lacking. Furthermore, in the case of GSNO reactivity, it remains unclear what 
local factors contribute to the preference of trans-S-nitrosation versus S-glutathionylation. 
Further understanding of protein S-nitrosation is likely to come from development of new 
RSNOs with targeted properties, which can be used to study the RSNO reactions. 
 
1.3. Electronic Structure and Reactivity of S-Nitrosothiols 
 
 
RSNO electronic structure is unique and includes a fundamental paradox in 
properties.74 The majority of RSNOs exhibit an elongated S–N bond ~1.8 Å with a low 
bond dissociation energy (BDESN) ~25-30 kcal/mol, suggesting single bond character 
prone to dissociation of NO.75,76 Simultaneously, the RSNO cis–trans isomerization 
barrier is typically ≥10 kcal/mol, which suggests partial double bond character.76-78  
 
 
Figure 1-6. Resonance representation of RSNO electronic structure as a combination of conventional S, 
zwitterionic D, and ionic I. 
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 The complex electronic structure of RSNOs has been reconciled in an elegant 
resonance description comprised of three resonance structures, Figure 1-6.74 Along with 
the conventional Lewis structure with single S–N bond, S, two additional antagonistic 
resonance structures imply opposite bonding and reactivity, which can be used to explain 
the contradictory RSNO properties. The zwitterionic structure D with double S–N bond 
has positive charge localized to the sulfur atom and negative charge at the oxygen of the 
–SNO group. The ionic structure I with no S–N bond has opposite formal charge with a 
negative charge at the sulfur atom and positive charge on the oxygen of the –SNO group. 
 The antagonistic structures D and I correspond to the contradictory properties by 
way of opposite formal charge and bonding patterns. The high cis-trans isomerization 
barrier of RSNOs is a consequence of resonance structure D, due to the implied partial 
double bond character. At the same time, the elongated and weakened S–N bond of 
RSNOs is accounted for by resonance structure I, which implies no S–N bond.  
 
 
Figure 1-7. Two main orbital interactions of RSNOs, π-conjugation sharing negative hyperconjugation. 
 
 The resonance description of RSNOs is tied to orbital interactions, which cause 
perturbations from the traditional Lewis structure and result in structures D and I. 
Antagonistic resonance structures D and I are attributed to a π-conjugation74 interaction 
and negative hyperconjugation79 interaction, Figure 1-7. It is proposed that effective 
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control of RSNO structure can be maintained through proper manipulation of these 
orbital interactions.  
 
 
Figure 1-8. Modulation of RSNO electronic structure through application of external electric field. 
 
Indeed, recent study of external electric field (EEF) effect on RSNOs 
demonstrates the modulation of the contribution of structures D and I, Figure 1-8.80 The 
proper alignment of EEF with the –SNO group can induce charges on the sulfur and 
oxygen atoms that promote the antagonistic resonance structures. Moreover, 
manipulation of structures D and I may be implicated in the RSNO reactions, specifically 
with respect to preference of trans-S-nitrosation or S-thiolation. Attack at sulfur or 
nitrogen differentiates the two reactions, therefore, the modulation of charge at sulfur 
may represent a mode of control.  
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Figure 1-9. Modulation of RSNO electronic structure through coordination of Lewis acid to the –SNO 
group atoms. 
 
Further study on the effect of Lewis acid complexes with the –SNO group has 
also shown modulation of the contribution of structures D and I, Figure 1-9.81 
Coordination of a Lewis acid at the oxygen atom promotes structure D and reduces 
structure I while the opposite is true for coordination at sulfur. Again, this control of the 
electronic structure can have significant impact on the preference of RSNO reactions. 
 
 
Figure 1-10. Chemical lifetimes of various low molecular weight RSNOs. 
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In addition to external effects on the –SNO group, the nature of the –R group has 
substantial effect on RSNO properties. Comparison of low molecular weight RSNOs 
illustrates the varied chemical lifetime based on –R group. The reported stability of 
RSNOs varies greatly. Some RSNOs have half-lives of seconds to minutes, whereas 
RSNOs such as GSNO and S-nitroso-N-acetylpenicillamine (SNAP) are stable for hours 
to days, Figure 1-10.82-84  
The considerable difference in stability based on the nature of the –R group, as 
well as specific application of external effects, demonstrates the possibility of substituent 
effect. Moreover, this substituent effect may be applied to development of new RSNOs 
through tuning of –SNO group properties such as NO dissociation. 
 
1.4. Substituent Effects in S-Nitrosothiols 
 
 
 Substituent effect is defined as a chemical structure–activity relationship, which 
can provide valuable mechanistic insight. Substituent effects are regularly used and a 
large number of organic reaction mechanisms have been explored and explained. The 
first quantified substituent constants were the Hammett σ-constants. Hammett proposed a 
simple relationship, which he used to describe a substituent’s effect on the dissociation 
constant of substituted benzoic acid derivatives, Figure 1-11.85 
 
 
Figure 1-11. Scheme of the ionization reaction of substituted benzoic acid derivatives used by Hammett. 
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 The Hammett equation describes the relationship between the equilibrium 
constant, K, of a reaction with a substituent and the equilibrium constant, K0, of a 
reference.  
log 𝐾𝐾! = σ𝜌  
The effect of the substituent is quantified by the σ constant and a reaction dependent 
parameter 𝜌. It is the first of many quantitative structure-activity relationships (QSAR).86 
The Hammett equation is classified as a 1-dimensional QSAR in that it relates activity to 
a property such as equilibrium constant σ. Multi-dimensional QSAR methods are 
regularly applied in areas such as drug design.86  
Recently, significant progress has been made in identification of the possible 
scope of RSNO substituent effect. Coordination of Lewis acids and application of EEF 
result in effective tuning of the –SNO group properties within a wide range. Dramatic 
shifts in the balance of structures D and I can be achieved, which result in tuning of the 
S–N bond length ~1.6–2.2 Å and dissociation energy 28–40 kcal/mol.80,81 Moreover, the 
preference of RSNO reactions may be affected by the application of EEF or Lewis acid, 
which modulate the –SNO group properties. 
Studying substituent effects often centers on an aromatic core scaffold that is 
easily substituted in multiple positions. In this respect, aromatic RSNOs (ArSNOs) are 
uniquely positioned for systematic substituent study of the –SNO group properties. 
Unfortunately, little is known in the literature of the electronic structure properties of 
ArSNOs. In general, ArSNOs are less stable than aliphatic RSNOs with half-lives <1 hr 
at room temperature, making experimental studies difficult.87 Moreover, of the reported 
ArSNOs, only those with large sterically bulky groups are stable, rendering them 
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ineffective for substituent study.21,88,89 A small number of studies have reported a 
substituent effect within ArSNOs. Of these, a weak substituent effect was observed in 
ArSNOs with electron-donating groups in the para position.87 Also, a computational study 
reported effective substituent effect on the energy of photoexcitation of ArSNOs leading 
to S–N bond cleavage.90 
 All reported ArSNOs have similar non-planar geometry with varying angles 
between the –SNO group and aromatic ring. No explanation has been given for this 
phenomenon. Moreover, the observed substituent effect is unexpected due to apparent 
lack of conjugation between the –SNO group and aromatic ring of ArSNOs. The stable 
ArSNOs with bulky substituents also demonstrate the non-planar geometry.88,89 Overall, a 
lack of knowledge about ArSNO electronic structure will prevent any meaningful 
understanding from the observed substituent effect and subsequent substituent studies. 
Moreover, there is a general shortage of available RSNOs and the two main reactions of 
RSNOs remain difficult to study due to the lack of stable RSNOs. The resonance 
description of RSNOs highlights a unique opportunity for systematic development of 
RSNO chemistry by studying the substituent effect in ArSNOs and may be a key method 
towards novel RSNOs with controlled and tunable properties.  
In this work, the electronic structure of ArSNOs is explored with electronic 
structure calculations. The insights gained are used to suggest general principles 
regarding the stability and reactivity of ArSNOs. External effects on the –SNO group of 
ArSNOs are also addressed with special emphasis on their use as tools to enhance the 
stability. This represents a valuable groundwork for development of novel RSNOs, 
systematic substituent studies, and the study of RSNO reactions. It is expected to further 
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the exploration of RSNO chemistry, toward new RSNOs with desired properties to be 
used as effective NO/NO+ and HNO donors.  
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Chapter 2. 
 
 
Overview of Computational Methods 
 
 
2.1. Introduction 
 
 
 The purpose of this chapter is to inform the reader of the methods involved, 
provide specific context as to their use within this work, and give general information on 
proper application and use. Specific insight and caveats to proper application of these 
methods is also provided.  The various methods included here are involved in an overall 
workflow that was developed throughout several projects. Moreover, specific 
computational details are given within each chapter, as needed, with details for traditional 
calculations, i.e. DFT method, basis set, etc. The Natural Bond Orbital91 (NBO) family of 
methods is used heavily throughout this work and so a general overview is provided here. 
Several methods are explained within, including natural resonance theory92-94 (NRT) 
analysis, natural steric analysis, etc. A thorough overview of NBO methodology is 
provided by the developers here, http://nbo6.chem.wisc.edu/nboman.pdf.95 
 
2.2. Natural Bond Orbital Theory 
 
 
 The basic workflow within the NBO family of methods is the transformation of a 
molecular wavefunction, composed of highly delocalized molecular orbitals, into a more 
easily interpreted set of localized valence bond-like orbitals. The set of orbitals formed 
corresponds to a traditional Lewis-type picture of the electronic structure by using 
localized bonding orbitals known as natural bond orbitals. Moreover, this set of natural 
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bond orbitals is comprised of atom-centered orbitals representing lone pairs and core 
orbitals, and bond centered orbitals representing σ or π-bonds. 
 
 
Figure 2-1. Donor-acceptor orbital interaction shown using isosurface representations of the pre-orthogonal 
natural bond orbitals (PNBOs) along with the Lewis structure changes associated with the formal 2e-
delocalization. 
 
 The technique of forming localized natural bond orbitals necessarily results in 
separation of the orbital set into orbitals that are highly occupied and orbitals that are not. 
The highly occupied natural bond orbitals are known as Lewis-type donor orbitals, which 
are traditionally 2-electron occupied. The unoccupied orbitals are known as non-Lewis-
type acceptor orbitals. Moreover, interactions of donor and acceptor orbitals represent 
specific perturbations within the electronic structure of a molecule. An example is the π-
conjugation interaction within RSNOs, Figure 2-1. This interaction is characterized by a 
p-type sulfur lone pair orbital, which donates electron density to the π* N–O anti-bonding 
orbital. Each donor-acceptor interaction is also tied to a resulting Lewis structure, Figure 
2-1. The resulting Lewis structure is explained via 2-electron promotion from the donor 
orbital to the acceptor orbital with consequent minimization of formal charge, Figure 2-1. 
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Additionally, second-order perturbation theory ∆Eij(2) is used within the NBO analysis 
workflow to give an energy estimate for the effect of each donor (i)–acceptor (j) 
interaction: 
 
where qi is the donor orbital occupancy, F2ij is the Fock matrix element, and ∆εji is the 
difference in orbital energies. Orbital interactions are referred to heavily within this work 
as a means of rationalizing specific effects within the electronic structure of a molecule.  
 A list of donor-acceptor interactions is summarized within the NBO analysis, 
which includes the energy estimates as well as donor and acceptor information. However, 
careful attention should be paid towards the complete summary of interactions, which is 
also available in the NBO analysis. Within the scope of this work, the complete summary 
of interactions was extremely helpful when specific atypical donor-acceptor interactions 
were suspected, i.e. donor-acceptor interactions in which the donor orbital was not a 
traditional 2e-occupied orbital. While this type of interaction is not described properly by 
second-order perturbation theory, it was found to give valuable insight into the electronic 
structure on several occasions, Chapters 4 and 5. Therefore, while the table of second-
order perturbation theory energy estimates includes many of the important donor-
acceptor interactions, the complete summary of delocalizations should be reviewed in all 
cases. 
Many of the NBO methods are built upon the basic workflow of NBO analysis by 
taking advantage of the transformation from wave function into a set of natural bond 
orbitals. The deletion technique91,95 is one of these methods within the NBO family, 
 E(2)ij =  qi
F 2ij
 "ji
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which is used quite heavily within this work. Specifically, the deletion technique is used 
in parallel with second-order perturbation theory as energy estimate of donor-acceptor 
interactions. The deletion method is aptly named as it is primarily used to delete the Fock 
matrix element of a specific donor-acceptor interaction, which ultimately results in a new 
density matrix. The overall molecular energy is then evaluated and the energy penalty for 
deleting the donor-acceptor interaction is obtained as the difference between the pre-
deletion and post-deletion molecular energy. The deletion technique is used within this 
work, specifically as a supplement to the second-order perturbation theory energy 
estimate in appropriate cases. 
 Natural steric analysis91,95,96 is another of the NBO methods that is heavily used 
within this work as a means of energy estimate of steric repulsion. This method is also 
built upon the basic workflow of the NBO analysis. The steric analysis method estimates 
the steric repulsion between two orbitals as the energy penalty of orthogonalization of 
those orbitals. Moreover, steric repulsion energy estimates can be obtained for any pair of 
orbitals and is useful in the explanation of various phenomena in the electronic structure, 
which cannot be explained by donor-acceptor interactions alone. 
 
2.3. Natural Resonance Theory 
 
 
 Natural resonance theory91-95 (NRT) is an NBO method, which represents the 
molecular electronic structure as a set of resonance structures. Specifically, the NRT 
algorithm represents the one-electron reduced density operator Γ with a set of optimized 
density operators Γα: 
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where each Γα corresponds to a Lewis-type resonance structure and has a weighting value 
wα within the sum. The NRT output is summarized as a set of weighted Lewis-type 
resonance structures with weight percent values, providing valuable insight into the 
makeup of the electronic structure of a molecule.  
The NRT algorithm is also built upon the NBO analysis results. The NBO 
analysis necessarily results in a set of natural bond orbitals, which corresponds to a 
specific Lewis-type structure, defined as the natural Lewis structure of a molecule.91-95 
During NRT analysis the list of donor-acceptor interactions is used to generate an 
additional set of Lewis-type resonance structures. Each resonance structure corresponds 
to a single delocalization within the set of natural bond orbitals and in this way, a set of 
likely resonance structures is generated. Moreover, each resonance structure corresponds 
to a slightly different reduced density operator Γα but same total electron density, due to 
the specific delocalizations that alter the orbital populations within the natural bond 
orbital set. A weighted value wα of each resonance structure is generated from the 
variational fitting its reduced density operator Γα to the true one-electron density operator 
Γ.91-95 In this way each resonance structure has an approximate percent value based on 
approximate contribution to the overall molecular electronic structure. 
 
 
Figure 2-2. NRT analysis of benzene summarized as resonance structures including the classic Kekulé 
structures and several minor structures. 
44.2% 44.2%
H H H
0.2% 0.2% 0.2%
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NRT analysis of benzene is used for illustration, Figure 2-2. The two major 
structures are the Kekulé structures, each with resonance weight 44.2%. Three additional 
minor resonance structures are shown for context, each with 0.2% resonance weight. 
Moreover, the three minor structures shown are examples from 78 total esoteric 
structures generated by the NRT analysis of benzene. NRT generates all possible 
resonance structures based on the list of donor-acceptor interactions and weights each 
structure based on its fitting to the true density matrix. Therefore, all of the minor 
structures are unlikely resonance structures, in agreement with their low weight.  
NRT analysis may be performed as either a single or multi-reference method.91-95 
The single reference method follows the previously mentioned steps and is appropriate 
for non-delocalized molecules, in which the natural Lewis structure dominates the 
electronic structure. Multi-reference NRT analysis is appropriate for highly delocalized 
molecular electronic structure. In this case the electronic structure may be dominated by 
one or more structures with formal charge, in addition to the natural Lewis structure. The 
RSNO electronic structure is a prime example, in which structures D and I are needed, in 
addition to structure S.  
The multi-reference NRT analysis treats each reference structure as if it is the 
natural Lewis structure, generating all possible resonance structures in groups 
corresponding to each. The method then weights each structure in the same way as single 
reference, based on its fitting to the true density matrix. In addition, each group of 
structures is normalized by a factor that corresponds to how well the group’s reference 
structure fits the true density matrix. Moreover, the use of multi-reference NRT analysis 
may result in a more accurate set of resonance structures, although this depends on the 
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accuracy of the reference structures themselves. Therefore, detailed knowledge of the 
electronic structure is necessary for multi-reference NRT analysis.  
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Chapter 3. 
 
 
Substituent Effect Study of a Library of S-Nitrosothiols 
 
 
3.1 Introduction 
 
 
 S-nitrosothiols (RSNOs) have a key role in the storage and transport of nitric 
oxide (NO) in biological systems.21-25 The action by which RSNOs enact their chemistry 
is the S-nitrosation of protein thiols, transferring NO from thiol to thiol.27-32 This reaction 
mechanism is poorly understood, but the effects are so prevalent in biological processes 
that it is recognized as a major post-translational modification. Moreover, the number of 
proteins that interact with RSNOs via S-nitrosation is growing constantly, and is currently 
several thousand. 
 In concert with the growing importance of S-nitrosation, RSNOs as NO donors 
are also increasingly desired. Exogenous NO donors are implicated in primary functions 
such as vasodilation as well as diseases. Despite the interest in RSNO chemistry, the 
development of new RSNOs is quite slow. Moreover, many existing RSNOs are unstable, 
with dissociation of NO within minutes,87 and those that are stable include sterically 
bulky groups that completely prevent NO dissociation.21,88,89 There is currently a great 
need for novel NO donor RSNOs with tunable properties for controlled NO release.  
Due to the systematic nature of substituent study, it has long been used to study 
reaction mechanisms. Moreover, the antagonistic resonance structures of the RSNO 
electronic structure suggest a possible substituent effect. A weak substituent effect was 
observed previously for substituted phenyl-SNO derivatives.87 Further studies showed a 
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substantial substituent effect in the modulation of the photo-dissociation energies of 
substituted phenyl-SNO derivatives.90 
In this chapter, substituent study of RSNOs is explored through the systematic 
generation and computational study of a large library of 116 substituents applied to four 
substituted RSNO models. Correlational analysis of various RSNO properties is used to 
further analyze the substituent effect and its origins. Furthermore, the Hammett 
substituent constants are correlated with RSNO properties, in an effort towards 
predictability of RSNO substituent effect.  
 
3.2. Computational Details 
 
 
3.2.1. Electronic Structure Calculations 
 
 
 The Gaussian 09 (G09) program package97 was used for all calculations. Density 
functional theory (DFT) calculations were performed with Perdew-Burke-Ernzerhof 
hybrid functional (PBE0).98,99 The diffuse augmented, polarized aug-pc-1 basis set 
developed by Jensen was used for all gas-phase PBE0 calculations. Solvent effect was 
accounted for with IEF-PCM model100 using settings of diethyl ether (ε=4.24), as 
implemented in G09, to mimic protein environment.101 Solvent calculation data is 
provided in Appendix A. The triple-ζ def2-TZVPPD basis set developed by Weigend and 
Ahlrichs102 with diffuse functions added by Rappoport and Furche103 was used for all 
solvent PCM-PBE0 calculations. The effective core potential (ECP) for Br and I was 
added to aug-pc-1 and def2-TZVPPD from the triple-ζ cc-pVTZ-PP basis set developed 
by Peterson.104 PBE0/aug-pc-1 and PCM-PBE0/def2-TZVPPD have been shown to give 
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reasonable and reliable results for RSNO.81 Basis sets were obtained from EMSL Basis 
Set Exchange Database.105,106 
 Natural bond orbital91 (NBO) calculations were performed with stand-alone NBO 
5.9.94 NBO orbital interaction energies are estimated using 2nd order perturbation theory. 
Unpaired spin densities on the sulfur atom were also obtained from NBO 5.9 output for 
calculations of aromatic RS• radicals, using calculated spin of alpha and beta orbitals. 
 
 
Figure 3-1. Orbital swapping manipulation between in-plane, high energy and out-of-plane, low energy 
spin density orientation. 
 
 Homolytic S–N bond dissociation energies (BDESN) were investigated using 
open-shell calculations for RSŁ and ŁNO radicals. The BDESN is calculated as the energy 
difference between the sum of RSŁ and ŁNO radicals, and RSNO. Calculation of RS• 
radicals of some aromatic RSNOs showed internal wavefunction instabilities resulting in 
overestimation of the BDESN by ~8 kcal/mol. Instabilities were checked using the 
stability test (Stable=Opt keyword) as implemented in G09, with subsequent 
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wavefunction optimization to obtain stable wavefunctions. In the case of instability, it 
was found that the radical electron spin density assumed either in-plane or out-of-plane 
orientation, Figure 3-1. Orbital swapping (Guess=Alter keyword), as implemented in 
G09, was performed to correct for spin density orientation. By swapping β orbitals, the 
orbital symmetry of the radical electron was flipped, thus lowering the energy, Figure 3-
1. 
 
 
Figure 3-2. Isomerization reaction between cis- and trans- conformers. Isomerization energies are obtained 
only for cis- to trans- isomerization. 
 
 Cis–trans isomerization energies, Figure 3-2, were calculated for gas-phase and 
solvent structures using the standard Berny algorithm (Opt=TS keyword) using 
GEDIIS107 in redundant internal coordinates.108 All cis-trans isomerization energies are 
calculated as the difference in energy between the cis-trans TS and cis-conformer.  
 Statistical analysis and modeling of data was performed with several types of 
plots. Box and whisker plots, e.g. Figure 3-13, were used to analyze the range and nature 
of the data set. The top and bottom of the box represent the upper and lower quartiles, 
while a line in the middle of the box shows the median. The whiskers represent the 
minimum and maximum values of the data. Outlying points may be shown on box and 
whisker plots. Correlation analysis was made by linear regression analysis. The 
‡
cis- TS trans-
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coefficient of determination (R2) was used to determine goodness of fit. Data was 
inspected with Cook’s distance plot, e.g. Figure 3-18; a tool for estimating the influence 
of a data point on least squares regression. Points that are highlighted by Cook’s distance 
are suspected outliers and warrant more attention. All statistical analysis was performed 
in the R statistical package.109 
 
3.2.2. Molecular Library Generation 
 
 
 The generation of starting structures for a substituent study can vary in difficulty 
depending on the number and type of molecules. A small number of molecules, i.e. less 
than 20, would make the generation of starting geometries rather trivial. Current 
molecular editors enable the user to draw a molecule and subsequently save the geometry 
in a convenient coordinate system and file format, typically XYZ coordinates and .xyz 
file format. Therefore, starting geometries can be generated ‘by hand’, one molecule at a 
time, with minimal effort. For larger sets of molecules, 464 unique structures in this 
study, a simple approach is unmanageable. The time required generating that many 
structures using a ‘by hand’ method, highlights the need for more advanced, high 
throughput programs. 
 Simplified Molecular-Input Line-Entry System110 (SMILES) was used to encode 
and store molecular structure information, Figure 3-3. SMILES is an open source 
program that was developed in the late 1980’s by David Weininger as a universal 
chemical language for describing structure of molecules using ASCII characters. 
SMILES notation uses letters and symbols to represent chemical information (atoms, 
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bonds, bonding patterns, etc.). The simplicity of SMILES notation is ideal for a simple 
method with varying applications.  
 
 
Figure 3-3. SMILES notation encodes molecular structure information that is converted via OpenBabel 
program to XYZ coordinate system. 
 
 Molecules were converted from their SMILES strings into XYZ coordinates using 
an open source program, OpenBabel, Figure 3-3.111 OpenBabel was developed as a 
chemistry toolbox and is capable of converting one chemical file format to another. 
Currently, OpenBabel can read a multitude of chemical file formats, including SMILES. 
Using SMILES and OpenBabel in tandem, starting geometries for molecules were 
generated quickly and accurately.  
 There are obvious limitations to this method. SMILES notation can give accurate 
connectivity of molecules, but OpenBabel does not generate the lowest energy structure 
for a molecule. Therefore, it is necessary to use a third program to conduct a 
conformational search of all molecules, Figure 3-4. This is particularly evident in large 
molecules containing many degrees of freedom. A conformational search algorithm was 
used to search all energetically relevant conformers of each molecule. The algorithm that 
was used is the systematic search method of conformational search.  
OpenBabelCc1ccc(SN=O)cc1
O         -2.08960       -0.28469        1.69603
N         -2.87222       -0.13543        0.84134
S         -2.17462        0.15058       -0.87606
C         -0.44977        0.08911       -0.53870
C          0.22905       -1.13024       -0.55712
C          1.58428       -1.17639       -0.25342
C          2.29239       -0.01913        0.07477
H         -0.30741       -2.04084       -0.81410
H          2.10277       -2.13396       -0.27337
C          1.59800        1.19488        0.09617
C          0.24538        1.25508       -0.20304
H          2.12886        2.11117        0.35208
H         -0.28055        2.20694       -0.18297
C          3.75691       -0.06544        0.39087
H          4.12876       -1.09477        0.41878
H          3.96690        0.39793        1.36312
H          4.33962        0.48250       -0.36137
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Figure 3-4. Conformational search algorithm using systematic torsion angle driving, MOPAC geometry 
optimization, and RMSD-based redundant structure removal. 
 
 The systematic conformational search algorithm generates molecular 
conformations by torsion angle driving, which rotates bonds by discrete values. The 
resulting structures are not necessarily local minima on the potential energy surface. A 
predefined limit was placed on the number of structures generated. All duplicate 
structures were removed via RMSD comparison. MOPAC112 computational chemistry 
program was used to optimize structures with AM1 or PM6 semi-empirical methods. A 
second RMSD comparison removed final redundant structures. The resulting unique 
conformers were optimized by DFT methods, leaving only the lowest energy cis- and 
trans-conformers. 
 
3.2.3. Molecular Data Processing and Storage 
 
 
 The high throughput generation of starting structures for large sets of molecules is 
a precursor, based on the type of computational study, to electronic structure calculations. 
The output created by electronic structure calculation programs is stored in output files. 
An output file for an electronic structure calculation records both the progress of the 
program as well as the results and desired molecular data. As a consequence, a large 
portion of the file contents is often unusable data corresponding to methods of the 
program, i.e. basis set, convergence algorithm data, etc. Therefore, the output files have 
SystematicTorsion 
Angle Driving
&
Remove Redundant 
Structures (RMSD)
Mopac Optimization 
(RM1/PM6)
&
Remove Redundant 
Structures (RMSD) Unique ConformersInitial Structure
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to be checked one by one. Important results and data have to be recorded manually. 
Again, this is a trivial task for a set of molecules numbering less than 20. However, a 
larger set of molecules make a manual data recording impractical and again highlights the 
need for high throughput programs that can easily parse and store molecular data. 
 An in-house program written in Python programming language was used for 
processing and storage of molecular data from electronic structure calculation output 
files. The program, referred to from here as TERSE113 (Figure 3-5), parses data files and 
stores the parsed information in HTML file format. HTML code is simple to read and 
write, making it advantageous from a programming view. It is also a universal language 
since almost every computer has a web browser installed that can read and interpret 
HTML code. Therefore, HTML code can be used to store data quickly and easily in an 
online format that is available to anyone with a computer and an Internet connection.  
 TERSE was used to generate molecular information pages for every molecule in 
the substituent study. The pages were linked to an index page (Figure 3-6), a common 
practice in web design, as the center of the database. Multiple instances of the web 
browser can be opened so that multiple molecule pages can be viewed simultaneously.  
 
 
Figure 3-5. Program scheme of TERSE. Gaussian output files are parsed along with checkpoint files to 
store molecular data in HTML pages with Jmol visualization. 
 
Gaussian 
Output Files
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Figure 3-6. Index page for data storage website. 
 
 Many kinds of data can be summarized in an intuitive manner using HTML pages 
generated by TERSE. There is simple data, such as optimized geometry (Figure 3-7), 
energy, etc., as well as more complex data such as IRC pathway, transition state, NBO 
interaction, etc. Many electronic structure calculations require inspection via user 
interaction. Therefore, molecular structures are rendered in 3D using the open source 
Jmol114 program. Some of the molecular data is displayed with interactive controls. An 
example of interactive data is the convergence data from a failed geometry optimization. 
In the case of failed optimization, TERSE shows SCF and geometry convergence and can 
animate the molecular structure at each point on the pathway. Therefore, visual 
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inspection can be made for multiple files that fail for various reasons. Other examples of 
interactive data include transition states, which are visualized in 3D with animated 
frequencies, as well as NBO interaction energies, which are rendered individually to 
show specific orbital interactions (Figure 3-8). In theory, any type of data contained in an 
electronic structure file could be parsed and stored in HTML pages using TERSE. 
 
 
Figure 3-7. Molecular information storage webpage. Jmol representations are shown for geometry 
optimizations. 
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Figure 3-8. Molecular information storage webpage. Jmol representations are shown for transition state and 
NBO interaction energies. 
 
3.2.4. Correlation Analysis 
 
 
 In a computational study including electronic structure calculations performed on 
large sets of molecules, an enormous amount of data is generated. The final step for a 
computational study, in this case a computational substituent effect study, is the analysis 
of the molecular data that has been gathered and stored. The analysis of data in a 
substituent effect study requires the correlation of properties and the subsequent review 
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for trends and outliers. This involves both visual inspections and robust statistical 
treatment. A visual inspection highlights main trends in correlations and is often used to 
screen correlations for further statistical treatment. When dealing with a large number of 
molecules and chemical descriptors, the resulting visual screening of correlations 
presents an organization problem. Therefore, the design and use of an organizational 
system for analysis is crucial.  
 A matrix subplot (Figure 3-9), a matrix representation of plots when all 
descriptors are correlated, was used to simplify the visual screening of correlations. 
Consequently, all correlations of descriptors are then available in a single figure for 
visual screening. The matrix subplot and all individual correlations were stored in HTML 
webpages. Individual correlations were linked to their corresponding position in the 
matrix subplot using embedded hyperlinks.  
 34 
 
Figure 3-9. Matrix subplot representation of all correlations for gas-phase calculations of the RSNO model. 
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 Individual correlation webpages were built as an adaptation of the Google Chart 
API115 (Figure 3-10). The correlations were generated with an interactive point selection 
tool. A scrollable list of substituents was also added to each page. The list was embedded 
with hyperlinks for each molecule linking its molecular data webpage. Therefore, a 
suspected outlier in a correlation can be selected and identified. A new webpage 
containing the molecular data for that point can then be opened using the scrollable list of 
substituents. 
 
 
Figure 3-10. Correlation page for a RSNO model correlation on the right, with scrollable index of 
substituents on the left. 
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3.3. Library of Substituted S-Nitrosothiols 
 
 
3.3.1. Overview of the Library 
 
 
The library of molecules is comprised of 116 substituents resulting in 464 RSNO 
derivatives in four model RSNOs, Figure 3-11. The conformational preference of 
MeSNO is cis- (by ~1 kcal/mol). Other primary RSNOs, including biologically relevant 
S-nitrosoglutathione and S-nitrosocysteine, also favor the cis-conformer. Therefore, only 
the cis-conformer is considered in subsequent discussions of electronic descriptors. While 
only cis-conformer is considered here, full results are reported for both cis- and trans-
conformers and can be found in Appendix A. 
 
 
Figure 3-11. Four models used for RSNO derivatization including directly connected RSNO, methylene 
separated R-CH2-SNO, and phenyl separated R-C6H4-SNO with meta- or para- substitution. 
 
Hammett constants are used to describe the effect of a substituent on calculated 
properties. Figure 3-12 shows kernel density plots for both meta- and para- Hammett 
constants. The distribution for both shows a majority of substituents having moderate 
electron withdrawing character. 
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Figure 3-12. Histograms with super-imposed kernel density plots for para- and meta- Hammett substituent 
constants distributions on the left and right respectively. 
 
 Box and whisker plots are used to show the spread of data for the various 
properties within each model. The minimum and maximum values are shown as well as 
the median and upper and lower quartiles. Figure 3-13 shows box and whisker plots for 
S–N and N–O bond lengths for cis- conformers of all four models. The RSNO model has 
the largest range in S–N bond length, ~1.75–2.08 Å. One outlier can be seen at ~1.58 Å 
and will be discussed in detail later. The R–CH2–SNO model shows a smaller range in S–
N bond length, ~1.78–1.90 Å, with the median being lower than that of RSNO. One 
outlier is seen and will be discussed later. The p–R–C6H4–SNO and m–R–C6H4–SNO 
models show small range in S–N bond length, ~1.87–1.91 Å for both. Also, the medians 
of both are higher than the R–CH2–SNO model and approximately equal to the RSNO 
model.  
The N–O bond length shows ranges for all four models that are similar to that of 
the S–N bond length. The RSNO model has a large range in N–O bond length, ~1.13–
1.20 Å. The R–CH2–SNO model again shows a smaller range in N–O bond length, 
~1.16–1.19 Å, but higher median than the RSNO model. Again, the p–R–C6H4–SNO and 
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m–R–C6H4–SNO models show similar, small ranges with r(N–O) ~1.16–1.17 Å for both. 
The medians of both are similar but slightly higher than the RSNO model and lower than 
the R–CH2–SNO model. The low median of the R–CH2–SNO S–N bond length is likely 
due to the overall EDG character imparted by the methylene group separator. 
 
 
Figure 3-13. Box and whisker plots showing spread of data in all four models for r(S–N) on the left, and 
r(N–O) on the right. 
 
 Figure 3-14 shows box and whisker plots for BDESN and cis–trans isomerization 
energy for cis- conformers of all four models. The BDESN for the RSNO model has the 
largest range, ~13–36 kcal/mol. The R–CH2–SNO model has a smaller range, ~30–36 
kcal/mol, and the median is higher than the RSNO model. The p–R–C6H4–SNO and m–
R–C6H4–SNO models have similar range, ~26–28 and ~26.5–27.5 kcal/mol, respectively. 
The medians of both are similar and are higher than the RSNO model but lower than the 
R–CH2–SNO model. Outliers can be seen in all four models and will be explained later. 
The cis-, trans- isomerization range is largest for the RSNO model ~3.5–18 kcal/mol. 
The R–CH2–SNO model has a smaller range ~9.5–14.5 kcal/mol. The p–R–C6H4–SNO 
and m–R–C6H4–SNO models have similar range ~9.6–11.3 and ~10–11 kcal/mol, 
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respectively. Outliers are seen in p–R–C6H4–SNO and m–R–C6H4–SNO models. Overall 
trend for BDESN shows R–CH2–SNO model with the highest overall median and can 
again be attributed to EDG character. The lower medians for p–R–C6H4–SNO and m–R–
C6H4–SNO models may be explained by thiyl radical stabilization and will be explored 
further later. 
 
 
Figure 3-14. Box and whisker plots showing spread of data in all four models for BDE on the left, and cis-, 
trans- isomerization energy on the right. 
 
 Figure 3-15 shows box and whisker plots for π-conjugation and negative 
hyperconjugation interaction energies. The π-conjugation interaction shows the largest 
range in RSNO model 7–34 kcal/mol and outliers are present. The R–CH2–SNO model 
has a smaller range 22–37 kcal/mol and higher median ~30 kcal/mol than RSNO model. 
The p–R–C6H4–SNO and m–R–C6H4–SNO models have approximately identical range 
24–27 kcal/mol and median ~26 kcal/mol. The p–R–C6H4–SNO and m–R–C6H4–SNO 
models have a lower median than RSNO model and higher median than R–CH2–SNO 
model. The negative hyperconjugation interaction shows the largest range for RSNO 
model 37–100 kcal/mol and again outliers are present. Again, the R–CH2–SNO model 
10
15
20
25
30
35
R-SNO R-CH2-SNO m-R-C6H4-SNOp-R-C6H4-SNO
BD
E S
N 
(kc
al/
mo
l)
R-SNO R-CH2-SNO m-R-C6H4-SNOp-R-C6H4-SNO
0
∆
E‡
 
ci
s 
?
tra
ns
 
(kc
al/
mo
l)
4
18
16
14
12
10
8
6
 40 
has smaller range 39–60 kcal/mol. However, negative hyperconjugation orbital 
interaction has lower median for R–CH2–SNO than RSNO model. The p–R–C6H4–SNO 
and m–R–C6H4–SNO models have similar ranges 53–64 and 54–62 kcal/mol, 
respectively. They have similar medians ~58 kcal/mol that are higher than R–CH2–SNO 
model. The orbital interaction ranges show higher ranges overall for negative 
hyperconjugation than π-conjugation interaction. 
 
 
Figure 3-15. Box and whisker plots showing spread of data in all four models for the π-conjugation 
interaction on the left, and the negative hyperconjugation interaction on the right. 
 
3.3.2. Aromatic RSNOs 
 
 
 The aromatic RSNO models have unique features not present in non-aromatic 
structures. The first important feature is the C–C–S–N dihedral angle between the ring 
and the –SNO group. This angle has been noted in previous study to range from 49–
89°.90 It is clear that aromatic RSNOs have the –SNO group non-planar with the ring. 
This is a key feature that disrupts conjugation between the aromatic ring and –SNO 
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group. The examples of m- and p- CH3C6H4-SNO show the non-planar character of the –
SNO group as seen in Figure 3-16. 
 
 
Figure 3-16. Calculated dihedral angles of CH3–C6H4–SNO, (a) para-, (b) meta-. 
 
 The calculated orbital interactions of p-CH3C6H4-SNO are shown in Figure 3-17. 
The π-conjugation orbital interaction energy is ~27 kcal/mol while the negative 
hyperconjugation is ~56 kcal/mol. In general, the negative hyperconjugation interaction 
appears as a higher energy interaction than the π-conjugation interaction. A third orbital 
interaction may also be important for aromatic RSNOs and is shown in Figure 3-17. It is 
a σ* to π* anti-bonding to anti-bonding interaction and the energy for p-CH3C6H4-SNO is 
80.48 kcal/mol. This is significantly higher than the other previously noted orbital 
interactions. This anti-bonding to anti-bonding interaction is a possible delocalization of 
electron density from the –SNO group to the ring and might be important for explaining 
aromatic RSNO properties. 
Dihedral 88.5˚Dihedral 87.8˚
a) b)
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Figure 3-17. Orbital interactions of CH3–C6H4–SNO with the π-conjugation interaction on the left, the 
negative hyperconjugation interaction in the middle, and the σ* anti-bonding to π* anti-bonding interaction 
on the right. 
 
 It was noted that aromatic RSNOs might experience thiyl radical stabilization 
during dissociation of the NO group.22 This results in lowering of BDESN by ~6 kcal/mol 
over non-aromatic RSNOs. Moreover, this stabilization complicates the study of BDESN 
via substituent study. 
 Indeed, calculation of aromatic RSNO BDESN is an interesting problem. As 
previously discussed, wave function instability is a common feature in radical 
calculations, and the same is true for the radical RS• calculation. Wave-function 
instability results in high BDESN through opposite radical spin density orientation. The in-
plane spin density orientation results in RS• energy that is higher than out-of-plane 
orientation and ultimately causes a 7–8 kcal/mol rise in BDESN. Orbital swapping (Figure 
3-1) is employed to flip the orbital symmetry for the radical electron and ultimately force 
it to adopt the out-of-plane, lower energy spin density orientation.  
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3.4. Electronic Structure 
 
 
3.4.1. π-Conjugation 
 
 
 The π-conjugation interaction is responsible for elongation and weakening of the 
N–O bond and the strengthening of the S–N bond while giving it partial double-bond 
character. The increased double bond character should be directly related to the increase 
in cis–trans isomerization energy. Moreover, cis–trans isomerization energy barrier 
varies between 3.59–17.88 kcal/mol, with an average value of 9.72 kcal/mol. These 
results suggest that there are varying degrees of conformational equilibrium in primary 
RSNOs. 
Correlation of the π-conjugation interaction with cis–trans isomerization energy 
for the RSNO model is shown in Figure 3-18. An outlier is present and results in a low fit 
value, R2=0.318. F–SNO appears as a single outlier with an extremely short S–N bond 
length, 1.58 Å (typical S–N bond length 1.8 Å). The high electronegativity of F may 
result in a complex of ions F– and SNO+, resulting in a high isomerization energy, 17.9 
kcal/mol, and high π-conjugation energy, 93.93 kcal/mol. Therefore, F–SNO is a specific 
case in which strong interactions result in an extremely short S–N bond and high 
isomerization energy. Upon removal of F–SNO, the fit improves marginally to R2=0.388. 
Moreover, the generally large range of isomerization energies suggests that resonance 
structures D and I are both strongly represented. Overall, despite poor fit even after 
removal of obvious outliers, a linear trend can still be inferred. Moreover, a reasonably 
linear fit is expected between the π-conjugation interaction and cis-trans isomerization 
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energy. The direct contact of substituent and –SNO group may result in the poor fit and 
varied data observed for the RSNO model. 
 
 
Figure 3-18. RSNO model correlation of the π-conjugation interaction and cis–trans isomerization energy 
with R2 displayed. Cook’s distance plot highlights one outlier and R2 without outlier is shown. 
 
 F–SNO has been shown as an example of strong, specific interactions responsible 
for poor fit and outlier behavior. However, it is unclear about the trend for all cases in the 
present library of substituents. A clearer picture of RSNO structure should be afforded by 
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examination of the same correlation for R–CH2–SNO model, shown in Figure 3-19. A 
slightly better initial fit is seen with R2=0.452. The range of data is seen to be lower than 
that of RSNO model.  
 
 
Figure 3-19. R–CH2–SNO model correlation of the π-conjugation interaction energy and cis–trans 
isomerization energy R2 displayed. 
 
 Despite separation by methylene group, strong specific interactions between 
substituent and –SNO group complicate the electronic structure. Therefore, meta- and 
para- substituted phenyl-SNO models are used to achieve the more separation and clarify 
the relationship between the π-conjugation interaction and cis–trans isomerization 
energy. Correlation between π-conjugation interaction and cis–trans isomerization energy 
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for R–C6H4–SNOs with R in para- and meta- positions are shown in Figures 3-20 and 3-
21, respectively. Figure 3-20 shows good fit for para- substituted R-C6H4-SNOs with 
R2=0.727. Clear outliers are defined by a Cook’s distance plot. The substituents –SO2 and 
–OCHCl2 have similar outlying behavior. Upon further study, both are found to have a 
conformational change upon calculation of cis–trans isomerization which results in ~0.7 
kcal/mol rise in energy. After removal of outliers, fit is improved to R2=0.950. 
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Figure 3-20. Para–R–C6H4–SNO model correlation of the π-conjugation interaction energy and cis–trans 
isomerization energy with R2 displayed. Cook’s distance plot highlights multiple outliers and R2 without 
outliers is shown. 
 
 Figure 3-21 shows a poor fit for meta- substituted R–C6H4–SNOs, with R2=0.512, 
although a clear trend is seen in the correlation. The outliers may be attributed to possible 
conformational shifts during the cis-trans transition state calculations, as in para. The 
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SNO group resulting in varying field effects that could be important if conformational 
differences between initial structure and transition state are present. Also, the resonance 
present in para- substituted R–C6H4–SNOs may be more dominant than in meta- 
substituted resulting in a more powerful substituent effect overall that shows better 
correlation. 
 
 
Figure 3-21. Meta–R–C6H4–SNO model correlation of the π-conjugation interaction energy and cis–trans 
isomerization energy with R2 displayed.  
 
 Results for all four models of RSNOs show definite trends indicating a linear 
relationship between the π-conjugation interaction and cis–trans isomerization energy. 
The RSNO and R–CH2–SNO models show linear trends but poor fits. The poor fit is 
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attributed to strong, specific interactions between substituent and SNO group due to their 
relative proximity, which complicate the electronic structure and make it difficult to 
rationalize a linear dependence of the cis-trans isomerization energy on the π-conjugation 
orbital interaction. The use of separation, i.e. methyl-, phenyl-, does result in clarification 
of electronic structure. However, the penalty is a lower overall range of effect on the –
SNO group properties. The results show quantitative agreement for the para- substituted 
R–C6H4–SNO model. Qualitative agreement is inferred on the basis of overall trend for 
the other three RSNO models. 
 
3.4.2. Negative Hyperconjugation 
 
 
 The negative hyperconjugation interaction results in the elongation and 
weakening of the S–N bond and, therefore, should be directly related to the BDESN. A 
homolytic BDESN was obtained for all RSNOs. The average BDESN of the aromatic R–
C6H4–SNO models is lower than the primary RSNO model by ~6 kcal/mol, as was 
previously noted. Moreover, the overall lowering of BDESN in the R–C6H4–SNO models 
is likely due to thiyl radical stabilization.  
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Figure 3-22. RSNO model correlation of negative hyperconjugation interaction and BDESN.  
 
 Correlations of the negative hyperconjugation interaction energy and BDESN are 
shown for RSNO, R–CH2–SNO, and para-, meta- substituted R–C6H4–SNOs in Figures 
3-22 to 3-25, respectively. All four correlations show poor fit with R2 < 0.35. The poor fit 
could be attributed to two factors. Either the orbital interaction energy cannot properly 
describe the BDESN, or the BDESN is affected by another property entirely. The poor fit of 
the RSNO model is in agreement with similar poor fit of the π-conjugation/cis-trans 
isomerization correlation, Figure 3-18. This highlights the likely strong interactions 
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present in the RSNO model, due to proximity of the substituent –R and –SNO group, 
which could attribute to poor fit.  
 
 
Figure 3-23. R–CH2–SNO model correlation of negative hyperconjugation interaction and BDESN.  
 
Interestingly, the poor fit is repeated in the R–CH2–SNO model. This is surprising 
due to the previously observed tendency of overall EDG character in the R–CH2–SNO 
model to result in better correlation than the RSNO model. Moreover, the poor fit in the 
R–CH2–SNO model is in agreement with the same trend in the π-conjugation/cis-trans 
isomerization correlation, Figure 3-19. 
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Figure 3-24. Para–R–C6H4–SNO model correlation of negative hyperconjugation interaction and BDESN. 
 
The meta- and para-R–C6H4–SNO aromatic models show better fit with weak but 
discernable linear trends, Figures 3-24 and 3-25. However, many outliers, especially in 
the meta model, show that the linear trends of both are probably not a reliable predictive 
model. It is possible that the aromatic ring imposes a broad effect, which masks the 
ability of the substituent to act accurately upon the –SNO group. This could account for 
the general weak trend in both aromatic models. Moreover, it is clear from all four 
models that a derived property such as BDE does not correlate well with orbital 
interactions. 
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Figure 3-25. Meta–R–C6H4–SNO model correlation of negative hyperconjugation interaction and BDESN. 
 
Due to poor correlation of the BDESN with the negative hyperconjugation 
interaction in all four models, the accuracy of the negative hyperconjugation interaction 
was examined by correlation with the S–N bond length. This should show the ability of 
the orbital interaction to match an –SNO group property. In this case, clear linear trends 
are observed for all correlations, Figures 3-26 to 3-29. Therefore, the negative 
hyperconjugation interaction energies can be considered reliable as a descriptor for the S–
N bond. Moreover, the BDESN as a derived property must be tied to a combination of 
factors rather than a single orbital interaction. Perhaps the aromatic ring affects the 
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BDESN but not the negative hyperconjugation interaction. Further explanation may be 
available by studying the effect of the aromatic ring on the BDESN.  
 
 
Figure 3-26. RSNO model correlation of negative hyperconjugation interaction and r(S–N) with R2 
displayed. Cook’s distance plot highlights multiple outliers and R2 without outliers is shown. 
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Figure 3-27. R–CH2–SNO model correlation of negative hyperconjugation interaction and r(S–N) with R2 
displayed. 
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Figure 3-28. Para–R–C6H4–SNO model correlation of negative hyperconjugation interaction energy and 
r(S–N) with R2 displayed. 
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Figure 3-29. Meta–R–C6H4–SNO model correlation of negative hyperconjugation interaction and r(S–N) 
with R2 displayed.  
 
 The BDESN of primary RSNOs is due to the homolytic dissociation of RS and 
NO. The calculation of RS radical is subject to sulfur radical stabilization, resulting in 
lower overall BDESN. Therefore, the lowering of overall BDESN might be explained by 
the correlation of BDESN and the unpaired spin present on sulfur atom. The spin charge of 
the sulfur atom is calculated by subtracting the α and β spin values as calculated in NBO 
output. The resulting unpaired spin on the sulfur atom should show -1 for all radical spin 
on sulfur. Any stabilization by the aromatic ring from sulfur atom should result in 
unpaired spin between 0 and -1.  
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The correlations for RSNO, R–CH2–SNO, and para-, meta- substituted R–C6H4–
SNO are shown in Figure 3-30 to 3-33 respectively. The RSNO model has a clear linear 
dependence of the BDESN on the sulfur radical spin charge, indicating that stabilization of 
the sulfur radical is a primary cause of BDESN lowering, Figure 3-30. The R–CH2–SNO 
model has a majority close to -1 sulfur spin charge, which results from the EDG character 
of the methylene group, Figure 3-31. Some of the points show a second trend indicating a 
similar trend as the RSNO model, most likely due to high EWG character of the 
substituent overcoming the EDG character of methylene group.  
 
 
Figure 3-30. RSNO model correlation of sulfur atom unpaired spin and BDESN. 
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Figure 3-31. R–CH2–SNO model correlation of sulfur atom unpaired spin and BDESN. 
 
The para- R–C6H4–SNO model is shown in Figure 3-32. Two trends are suspected 
in this correlation. The upper trend should represent those substituents that dissuade 
resonance. The lower trend then represents those substituents that enhance resonance and 
therefore lower the overall BDESN. The meta- R–C6H4–SNO model shows a single trend 
with a linear dependence of the BDESN on the delocalization of the sulfur spin charge, 
Figure 3-33. Interestingly, while the effect is not as strong in the aromatic models as the 
primary RSNO model, the linear trend is quite similar. Furthermore, linear trends in the 
aromatic models demonstrate the need to better understand the effect of the aromatic 
−0.95 −0.90 −0.85 −0.80 −0.75 −0.70
30
32
34
36
BD
E S
N 
(kc
al/
mo
l)
ci
s-
qs
CH2
S N
OR
 60 
group on the –SNO group. Study of the interplay of the aromatic ring and –SNO group is 
needed to reliably attribute the BDESN to effects within the RSNO electronic structure. 
 
 
Figure 3-32. Para–R–C6H4–SNO model correlation of sulfur atom unpaired spin and BDESN. 
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Figure 3-33. Meta–R–C6H4–SNO model correlation of sulfur atom unpaired spin and BDESN. 
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correlations of Hammett constants with the cis- orbital interaction energies are shown in 
Figures 3-34 to 3-37.  
 The π-conjugation orbital interaction hinders structure I and promotes structure 
D. In the R–C6H4–SNO model, an EWG should promote structure I by stabilization of the 
negative charge at sulfur. Therefore, an inverse linear relationship is expected for 
correlation of para-Hammett constant and π-conjugation for the para-R–C6H4–SNO 
model, Figure 3-34. The correct inverse trend is seen with R2=0.75. The same inverse 
trend is observed for the meta-R–C6H4–SNO model with R2=0.60, Figure 3-36.  
 The negative hyperconjugation interaction weakens the S–N bond and promotes 
the structure I while hindering structure D. Again, an EWG should promote structure I. A 
directly proportional trend is expected for correlation of para-Hammett constant and 
negative hyperconjugation orbital interaction for the para-R–C6H4–SNO model, Figure 3-
35. A directly proportional trend is observed with R2=0.84. A similar trend is seen for 
meta- R–C6H4–SNOs with R2=0.59, Figure 3-37. 
 The visual analysis of correlations in Figures 3-26 to 3-29 shows varying outliers 
for all four models. Ideally, a statistically robust treatment of all outliers can be done. 
However, the meta- and para- Hammett constants are parameterized from a model system 
using benzoic acid derivatives. The R–C6H4–SNO model is a very loose approximation at 
best. Moreover, the Hammett constants are not correctly parameterized for the –SNO 
group and, therefore, a certain level of noise is expected and observed in correlations with 
properties. While specific explanation of outliers may be used, a further consequence of 
this Hammett approximation is that no robust discussion of all outliers can be made. The 
Hammett constants are not assumed to be accurate for the R–C6H4–SNO model and so 
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noise in the correlations cannot be attributed to orbital interaction energy or Hammett 
constants. Therefore, the quantitative and qualitative correlation analysis gives rationale 
to orbital interactions as descriptors of RSNO structure and reactivity. 
 
 
Figure 3-34. Para–R–C6H4–SNO model correlation of para Hammett constants and the π-conjugation 
interaction with R2 shown. 
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Figure 3-35. Para–R–C6H4–SNO model correlation of Hammett constant and negative hyperconjugation 
interaction with R2 shown. 
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Figure 3-36. Meta–R–C6H4–SNO model correlation of meta Hammett constants and the π-conjugation 
interaction with R2 shown. 
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Figure 3-37. Meta–R–C6H4–SNO model correlation of Hammett constant and negative hyperconjugation 
interaction with R2 shown. 
 
3.6. Summary 
 
 
A diverse library of 116 substituents used in this study has been described in 
detail. It is comprised mainly of EWGs with σp and σm spanning ~0–1.0. This library has 
been applied to four models of RSNOs including primary R–SNO and R–CH2–SNO, as 
well as aromatic meta- and para- substituted R–C6H4–SNO. The four models have been 
used to study reactivity, NBO interaction descriptors, and a classical description of the 
substituent effect in RSNOs. To that end, electronic structure calculations have been 
employed using both gas phase and solvent models. 
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 Two main orbital interactions have been studied for all models, π-conjugation and 
negative hyperconjugation. It was previously suggested that these orbital interactions 
could describe RSNO reactivity and geometry. The present study has examined these 
orbital interactions in all models for gas-phase and found that they are common and 
conserved through all RSNOs. The π-conjugation interaction should describe the cis–
trans isomerization energy. However, correlation resulted in low fit value for primary 
RSNO and R–CH2–SNO models, which is attributed to specific outliers and strong 
specific interactions due to the close proximity of the substituent and –SNO group. In 
contrast, the meta- and para- aromatic RSNO models resulted in high fit value, in support 
of the linear dependence between the cis-trans isomerization energy and π-conjugation 
interaction. Moreover, the perceived link between these properties is confirmed with the 
aromatic RSNO models. 
 The second interaction, negative hyperconjugation, should describe S–N bond 
length and BDESN. Correlation of negative hyperconjugation energy with S–N bond 
length in all models revealed significantly high fit value. Again confirming the suggested 
link between the interaction and property. However, correlation with BDESN resulted in 
low fit value for all models. Specifically, the aromatic RSNO models resulted in very 
poor correlation with no observed linear trend. The strong effect of the aromatic ring, 
whether in thiyl radical stabilization, or some other effect on the –SNO group, must be 
explored further. 
In correlations of the classical Hammett constants and two major orbital 
interactions, obvious linear trends were observed with varying levels of fit value. Despite 
the Hammett constants not being parameterized to describe –SNO group behavior, 
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surprisingly good correlations were seen for aromatic RSNO models. The para- model 
was significantly better in fit than meta-. The difference between models should be 
explored by specific and thorough investigation of PhSNO. 
 Aromatic RSNOs have been studied in detail in gas-phase. The C–C–S–N 
dihedral angle was found to be consistent with –SNO group out-of-plane with the phenyl 
ring. Results show that conjugation between the aromatic ring and –SNO group is non-
existent, resulting in a narrow range of effect for most descriptors. The modulation of 
properties by the substituent effect is observed and interesting because it must work 
despite a lack of conjugation. More insight on the phenyl-SNO electronic structure is 
needed, specifically the possible anti-bonding-to-anti-bonding orbital interaction, which 
is conserved in most cis- conformers of both para- and meta- R–C6H4–SNO models. This 
interaction may represent a specific interaction motif in the σ-bond manifold, rather than 
traditional π-conjugations, and warrants further investigation of the phenyl-SNO 
electronic structure. 
 The conclusions of this chapter highlight a need to better understand the nature 
and origin of the substituent effect in phenyl-SNO. Unfortunately, this broad substituent 
study was not designed to study the origin of the substituent effect and was most likely 
premature. However, this project served as a motivation for the subsequent projects 
presented in this dissertation, as well as a thorough exercise in conducting computational 
study. Therefore, the remainder of this dissertation applies much of the information 
gathered in this project, and is centered on the detailed study of substituent study in 
aromatic RSNOs. 
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Chapter 4. 
 
 
Structure, Stability, and Substituent Effects in 
 Aromatic S-Nitrosothiols: The Crucial Effect of a Cascading 
Negative Hyperconjugation/Conjugation Interaction* 
 
 
4.1. Introduction 
 
 
S-nitrosothiols or thionitrites (RSNOs) have recently emerged as major players in 
the nitric oxide regulated biochemical processes.17-20 Endogenous cysteine-based RSNOs 
not only act as a pool for NO storage and transport: in fact, tightly regulated S-nitrosation 
of select cysteine residues in proteins is also one of the major mechanisms involved in the 
biological function of nitric oxide.19,30,33,34 Cellular and extracellular RSNOs can be 
efficient NO or NO+ donors via homolysis and trans-S-nitrosation reactions, respectively; 
they also may give rise to other biologically active nitrogen species such as 
nitroxyl50,51,116,117 HNO/NO– or thionitrous acid HSNO, itself the smallest, inorganic 
RSNO.118-120 
Currently, there is a significant interest in therapeutic applications of naturally 
occurring (e.g., S-nitrosoglutathione) or synthetic RSNOs.117,121-127 By modifying the 
chemical nature of the substituent R, RSNOs can be potentially fine-tuned to efficiently 
release NO, act as specific trans-S-nitrosation reagents, or, possibly, as biologically-
compatible HNO/NO– donors. To this end, fundamental chemical understanding of 
RSNO structure, stability and chemical properties is essential. 
                                                
*Published as: Flister, M.; Timerghazin, Q.K. Structure, Stability, and Substituent Effects in Aromatic 
S-Nitrosothiols: The Crucial Effect of a Cascading Negative Hyperconjugation/Conjugation 
Interaction. J. Phys. Chem. A. 2014, 118, 9914-9924. 
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Due to its unusual electronic structure, the –SNO group lends itself to 
unprecedented modulation either by the environment or substituent effects.  The hallmark 
of RSNOs is the unusually elongated (~1.8 Å) and weak S–N bond with bond 
dissociation energy, BDE, ~30 kcal/mol.22,75,128-130 At the same time, RSNOs exist in either 
cis- or trans-conformations indicative of partial double-bond character of the S–N 
linkage.77,78 The S–N bond properties in RSNOs can be significantly modified by 
interactions with Lewis acids that either stabilize or further destabilize it, depending 
which atom of the –SNO group the Lewis acid coordinates to.131-135 Moreover, RSNOs 
demonstrate a dual-mode reactivity towards nucleophiles that can attack the –SNO group 
either at N or S atoms.80,135 These interesting and often contradictory properties of RSNOs 
stem from the complex and unique electronic structure of the –SNO group that can be 
reconciled using an elegant resonance representation (Figure 4-1).74 
This resonance description features—in addition to the traditional Lewis structure 
with single S–N bond, S—two additional structures, a zwitterionic structure D and a no-
bond ionic structure I. The contribution of these two antagonistic resonance structures,81 
i.e. structures that imply opposite bonding patterns and formal charges, rationalizes the 
contradictory properties of the S–N bond and their modulation by a Lewis acid 
coordination,74,81,135 as well as the dual-mode reactivity of RSNOs.80,136 Indeed, structure D 
accounts for the cis-trans isomerism and the S-atom directed reactions with nucleophiles, 
while structure I explains the elongated, weak S–N bond and N-directed reactions with 
nucleophiles. The complexity of the RSNO electronic structure highlighted by this 
description also correlates with the modest multireference character of the –SNO 
group.137,138 
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Figure 4-1. Resonance representation of RSNO electronic structure. 
 
RSNO interactions with charged and neutral Lewis acids and bases or external 
electric fields can dramatically shift the D vs. I balance and thus modulate the RSNO 
properties and reactivity.80 This way, the S–N bond length and dissociation energy can be 
tuned within a wide range, 1.6–2.2 Å and 28–40 kcal/mol respectively, and various 
RSNO reactions can be catalyzed or inhibited.74,80,81,136 Modulation of the –SNO group 
stability and reactivity by charged residues in proteins may form a basis for enzymatic 
control of RSNO reactions in vivo.81 One may expect that similar modulation can be 
achieved by modification of the electron-donating/withdrawing properties of the 
substituent R that should also affect the D vs. I balance, which opens many avenues for 
rational design of RSNOs with desired chemical and biological properties. In this respect, 
aromatic RSNOs (ArSNOs) can provide a flexible template for creation of a wide range 
of novel RSNOs with desired stability and chemical reactivity. 
Several ArSNOs have been reported in the literature, including the parent S-
nitrosothiophenol PhSNO.21,48,87-89,139,140 ArSNOs are generally less stable than aliphatic 
RSNOs, with half-lives less than one hour at room temperature,87 although ArSNOs with 
bulky substituents have been reported to be more stable.21,88,89 A weak substituent effect 
has been observed with electron-donating substituents in para-position having slightly 
longer half-lives.87 A computational study by Marazzi et al. reported a significant 
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D
R S N O
S
R S N O
I
antagonis!c 
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substituent effect on the energy of ArSNO photoexcitation leading to homolytic S–N 
bond cleavage.90 Substituents in the para-position were found to affect energies of the 1(n, 
π*) and 1(π, π*) transitions of the –SNO group; the latter transition is more sensitive to 
the substituent nature and decreases proportionally to the electron-withdrawing nature of 
the para-substituent. Conversely, the 1(n, π*) excitation energy increases proportionally 
with the electron-withdrawing power of the para-substituent.  
 
 
Figure 4-2. Experimental X-ray structure of an aromatic RSNO stabilized by bulky substituents at ortho-
positions reported by Goto et al.88 Both possible positions of the disodered NO group are shown, along with 
the corresponding C–C–S–N dihedral angle values.  
 
This modulation of the –SNO group properties in ArSNOs is rather surprising, as 
there is no apparent π-conjugation between the aromatic ring and the –SNO group. 
Indeed, all ArSNO geometries reported by Marazzi et al. have the –SNO group non-
coplanar with the aromatic ring. In cis-PhSNO, the –SNO group is almost perpendicular 
with the aromatic ring, with the C–C–S–N dihedral angle ~90°, while for other cis-
ArSNOs this angle is reported to vary from 90° to 70°. The trans-ArSNOs tend to have 
even more tilted –SNO group with C–C–S–N dihedral in the 85°–50° range. Similar non-
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coplanar geometries with the –SNO group tilted towards the aromatic ring have been 
observed in experimental X-ray structures of cis-ArSNOs with bulky substituents at 
ortho-positions (Figure 4-2).88,89 In contrast to ArSNOs, π-conjugation between the –SNO 
group and the C=C double bond seems to be present in vinyl-substituted RSNO, 
CH2=CH–SNO, predicted to have a planar geometry.90 
At the moment, there is no satisfactory explanation for these interesting properties 
of ArSNOs. The factors that determine the instability of ArSNOs, non-coplanar 
orientation of the –SNO group, and the origins of the variability in its tilt relative to the 
aromatic ring are not clear. Moreover, the pronounced effect of para-substituents in the 
absence of the SNO-phenyl ring π-conjugation is especially intriguing. Further progress 
with the rational design of ArSNOs, and RSNOs in general, is not possible without 
understanding these fundamental issues. Therefore, in this contribution we use electronic 
structure calculations and the natural bond orbital91 (NBO) analysis to examine the 
electronic factors that determine the structure and stability of ArSNOs on the example of 
the parent PhSNO molecule compared with the well-studied aliphatic methyl-substituted 
RSNO, MeSNO. 
 
4.2. Computational Details  
 
 
All calculations have been performed using density functional theory (DFT) with 
Perdew-Burke-Ernzerhof hybrid functional98,99 (PBE0), as implemented in Gaussian 09 
program package,141 and diffuse-augmented polarization-consistent aug-pc-1 basis set by 
Jensen.106,142,143 We have shown previously81,129 that PBE0 functional provides a reliable 
description of the RSNO properties. Unless specified otherwise, the DFT calculations 
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employed a pruned integration grid with 99 radial shells and 590 points per shell 
(‘UltraFine’ grid as defined in Gaussian 09). Geometry optimizations were performed in 
redundant internal coordinates108 with ‘very tight’ optimization criteria (i.e. 15×10-6 and 
10×10-6 au for maximum and RMS force, respectively; 60×10-6 and 40×10-6 au for 
maximum and RMS displacement). Relaxed potential energy surface (PES) scans were 
performed by scanning along the specified dihedral angles. The conformational profiles 
along the C–S bond in PhSNO have been obtained by scanning along one of the C–C–S–
N angles; however, due to a slight pyramidalization of the C–S carbon atom this dihedral 
angle does not provide an unambiguous measure of the –SNO group relative to the 
phenyl ring. Therefore, the resulting profiles have been plotted against an inter-plane 
angle ϕ measured as an angle between the SNO and CCC planes, where the central 
carbon is bonded to the sulfur of the –SNO group. Natural Bond Orbital (NBO) family 
analyses91 were performed with the latest version of NBO 6.0 code,144 unless specified 
otherwise. Orbital interaction energies were estimated using second-order perturbation 
theory, and the steric repulsion energies were estimated using natural steric analysis.91,96 
 
4.3. Results and discussion 
 
 
4.3.1. PhSNO vs MeSNO: Stability, Geometry, and Potential Energy 
Surfaces 
 
 
The S–N bond in PhSNO is less stable relative to MeSNO, with calculated bond 
dissociation energy (BDE) 26.3 kcal/mol vs. 31.7 kcal/mol in MeSNO (both in cis-
conformations, Figure 4-3A), in agreement with the experimental observations that 
ArSNOs are generally less stable compared to alkyl-substituted RSNOs.21,87,128,145 Both 
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molecules have similar conformational profiles for the –NO group rotation along the S–N 
bond, with the cis-conformer lower in energy by ~1 kcal/mol in both cases (Figure 4-4A). 
The transition structures of cis-trans isomerization TSct have similar geometries, although 
the isomerization barrier is ~3 kcal/mol lower for PhSNO, 11.1 vs. 14.3 kcal/mol  (10.5 
and 13.9 kcal/mol including ZPE). Independent of the –NO group rotation, the S–N bond 
length in PhSNO is ~0.06 Å longer than in MeSNO, although the N–O bond is slightly 
shorter by ~0.01 Å (Figure 3A). In both cases, the S–N bond is highly elongated (~0.14 
Å) at the top of the cis-trans isomerization barrier TSct (C–S–N–O angle ~85-87°), and in 
the case of PhSNO it becomes >2 Å, well above the typical single S–N bond length 
(~1.6-1.7 Å).146 
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Figure 4-3. Calculated equilibrium structures of cis- and trans-conformers and the cis-trans isomerization 
transition structures TSct for MeSNO and PhSNO (A). Coplanar structures of the two PhSNO conformers 
that correspond to transion structures for the rotation along the C–S bond, TSpl (B).  
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B
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For both cis- and trans-PhSNO, the CS symmetric structures with the angle 
between ϕ the C–S–N and C–C–C planes (Figure 4-5) exactly at 90° appear as local 
minima points on the PES, without imaginary vibrational frequencies. However, 
geometry optimizations of trans-PhSNO without symmetry constraints using standard or 
‘UltraFine’ (as defined in Gaussian 09) DFT integration grids arrive at slightly bent 
structures with ϕ = 81°–86° essentially isoenergetic (<0.02 kcal/mol) with the CS 
structure. At the same time, calculations using more accurate grid settings (‘SuperFine’ in 
Gaussian 09 rev. D) yield perpendicular geometry with ϕ = 90°.  
 
 
Figure 4-4. Relaxed potential energy profiles for rotation around the C–S–N–O dihedral angle in MeSNO 
and PhSNO (A), and the corresponding evolution of the S–N bond length (B).  
 
The extreme flatness of the trans-PhSNO PES is further evident from the relaxed 
PES scan (Figure 4-5) that shows the energy change of <0.1 kcal/mol within ±30° around 
the perpendicular structure. The cis-PhSNO PES is less flat around the minimum at ϕ = 
90°; the energy gradually increases as the –SNO group twists towards the coplanar 
structure that corresponds to a first-order saddle point/transition structure TSpl (Figure 4-
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3B) with associated 5.3 kcal/mol energetic barrier (4.8 kcal/mol with ZPE correction), 
which is  ~50% lower in the case of the trans-conformer, 2.6 kcal/mol (2.2 kcal/mol with 
ZPE). Both cis- and trans- coplanar structures TSpl have unequal and highly distorted C–
C–S angles, ~115° and ~125° (Figure 4-3B), compared to symmetric perpendicular 
structures with ~120° C–C–S angles.  
 
 
Figure 4-5. Relaxed potential energy profile for the –SNO group rotation along the C–S bond in terms of an 
angle between the C–S–N and C–C–C planes, ϕ, which is used instead of the C–C–S–N dihedral angle due 
to a slight pyramidalization at the C–S carbon atom.  
 
The –SNO group tilting angle ϕ strongly affects the S–N and C–S bond lengths in 
PhSNO. The S–N bond is longest for the minimum energy structures with ϕ = 90° and 
shortest for the coplanar structures TSpl with ϕ = 0° (Figure 4-6). Similarly to the energy 
profiles (Figure 4-5), the S–N bond length profiles are relatively flat around the minimum 
energy structures, ϕ = 90°±30°. The C–S bond initially shortens as the –SNO group tilts 
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lengthens and reaches its maximum length for the coplanar structure, Figure 4-6. Thus, 
the S–N bond length and, likely, its strength anti-correlates with the overall energetic 
stability of PhSNO. On the other hand, there is a correlation between the C–S bond 
length and the overall stability of PhSNO. This pronounced dependence of PhSNO 
energy and geometry on the relative orientation of the –SNO group and the aromatic ring 
suggests that there is a strong interaction between the two moieties.  
 
 
Figure 4-6. Effect of the –SNO group rotation along the C–S bond on the S–N (A) and C–S (B) bonds in 
PhSNO. 
 
As we demonstrate below, this interaction arises from a complex combination of 
electronic effects including steric/Pauli repulsion between filled orbitals and conjugative 
donor-acceptor/charge-transfer delocalization of electron density from filled donor 
orbitals to formally unoccupied acceptor orbitals of the –SNO group and the phenyl ring. 
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4.3.2. PhSNO vs MeSNO: Conjugative and Steric Effects within the –SNO 
group 
 
 
The conjugative donor-acceptor orbital interactions that determine the unusual 
properties of the –SNO group have been extensively studied on the example of MeSNO 
using the NBO approach.74,79,81 The two major orbital interactions shown in Figure 4-7, 
the π-conjugation between the lone pair of sulfur nS and the antibonding πNO*  orbital, 
nS→πNO* , and the negative hyperconjugation between the lone pair of oxygen nO and the 
antibonding σSN*  orbital, nO→σSN* , determine the rotational barrier along the S–N bond and 
the elongation/weakness of that bond, respectively. These two orbital interactions are also 
the electronic basis of the antagonistic RSNO resonance structures D and I, respectively 
(Figure 4-1). 
 
 
Figure 4-7. Dominant stabilizing donor-acceptor orbital interactions (A) and destabilizing steric repulsions 
(B) in cis- and trans-MeSNO shown using isosurface representations of the pre-orthogonal natural bond 
orbitals (PNBOs) and pre-orthogonal natural molecular orbitals (PNLMOs). Note that although the 
respective energetic effects estimated with the second-order perturbation theory, ∆Eij(2), and natural steric 
analysis, ∆Eij(sx), are given as positive numbers, they have opposite energetic effects on the stability of the 
molecule.  
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Conjugative interactions that require overlap between an occupied orbital with an 
unoccupied antibonding orbital also mean that the donor orbital should overlap with the 
corresponding bonding orbital, thus resulting in Pauli/steric repulsion. In MeSNO, the 
energetic effect of these nS)(πNO repulsions (using the notation from Ref. 147) evaluated 
with the natural steric analysis96 are relatively large, ~7 and ~28 kcal/mol, respectively 
(Figure 4-7). The estimates of the stabilizing nS→πNO*  and nO→σSN*  donor-acceptor 
interactions obtained with the second-order perturbation theory, ∆Eij(2) ≈ 30-33 and 47-48 
kcal/mol, respectively, are clearly stronger than the corresponding steric repulsions 
(Figure 4-7). Although the donor-acceptor delocalization energies ∆Eij(2)  and the steric 
repulsion energies ∆Eij(sx) are evaluated using different sets of orbitals—NBO and NLMO, 
respectively—and therefore may not be directly compatible, the overall stabilization 
effect due to the donor-acceptor interactions is clearly evident.  
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Figure 4-8. Dominant stabilizing donor-acceptor orbital interactions (A) and destabilizing steric repulsions 
(B) in cis- and trans-PhSNO shown using isosurface representations of the pre-orthogonal natural bond 
orbitals (PNBOs, A) and pre-orthogonal natural molecular orbitals (PNLMOs, B). Note that although the 
respective energetic effects estimated with the second-order perturbation theory, ∆Eij(2), and natural steric 
analysis, ∆Eij(sx), are given as positive numbers, they have opposite energetic effects on the stability of the 
molecule. 
 
The donor-acceptor stabilizations and steric repulsions within the –SNO group in 
PhSNO (Figure 4-8) are qualitatively identical to MeSNO (Figure 4-7). However, the 
negative hyperconjugation nO→σSN*  is stronger in PhSNO (by 10-20 kcal/mol), whereas 
the π-conjugation nS→πNO*  is weaker (by 4-7 kcal/mol), which correlates with longer and 
weaker S–N bond in PhSNO, as well as with lower cis-trans isomerization barrier (Figure 
4-4A). Similarly, the steric repulsions nS)(πNO and nO)(σSN are slightly weaker and 
stronger, respectively. However, the origin of the increased ionic character of the S–N 
bond (represented by the resonance structure I, Figure 4-1) signified by the increased 
nO→σSN*  negative hyperconjugation and decreased nS→πNO*  conjugation, can be understood 
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only by examining the electronic interactions between the –SNO group and the aromatic 
π-system. 
 
4.3.3. SNO–Aromatic Ring Steric Repulsion 
 
 
The general shape of the PhSNO PES with respect to the –SNO group rotation 
relative to the aromatic ring (Figure 4-5) can be quantitatively rationalized by Pauli/steric 
repulsions between the two moieties (Figure 4-9). The maxima that determine the non-
coplanar geometry of cis- and trans-PhSNO arise from the steric clash between the –SNO 
group and the adjacent C–H bonds, which results in distorted geometries with distorted 
C–C–S angles, ~115° and ~125° (Figure 4-3B), that minimize the steric repulsions at the 
price of the energetic cost associated with the distortion. The residual steric –SNO)(C–H 
repulsions calculated with the natural steric analysis thus account only in part for the 
barrier height corresponding to the coplanar structure. In cis-PhSNO the nO)(σCH repulsion 
between the two lone pairs oxygen, predominantly of s- and p- character, respectively, 
and the σCH orbital, has the overall energy of 5.2 kcal/mol (Figure 4-9A). The steric clash 
is less pronounced in trans-PhSNO, with weaker nN)(σCH repulsion between the nitrogen 
lone pair and the σCH orbital, 3.5 kcal/mol, Figure 4-9A, which correlates with ~2.5 
kcal/mol lower barrier for the rotation along the C–S bond in this conformer (Figure 4-5). 
Both nO)(σCH and nN)(σCH repulsions quickly disappear as the –SNO group rotates out of 
coplanarity with the phenyl ring, and it is zero around the minimum energy geometry 
where the –SNO group is nearly perpendicular to the aromatic ring.  
However, the steric repulsions alone do not seem to be able to rationalize the 
PhSNO preference towards the perpendicular SNO-aromatic ring arrangement. Indeed, 
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the minimum-energy perpendicular structures result in several steric repulsions between 
the occupied orbitals of the –SNO and phenyl moieties, including relatively strong (~6.5-
8 kcal/mol) interactions arising from the overlap of the S–N bond with the aromatic π-
system, σSN)(πCC, which are in anti-phase to weaker σSN)(σCC repulsions found in coplanar 
geometries (~4 kcal/mol). For the trans-conformer, the perpendicular structure also leads 
to repulsion between the nitrogen lone pair nN  and the π-system, nN)(πCC, (~2 kcal/mol). 
Furthermore, a bulky p-type lone pair of sulfur nS  overlaps with the C–H bonds, resulting 
in ~3 kcal/mol nS)(σCH steric repulsion. Although the repulsions between the same nS lone 
pair and the C–C σ- and π-bonds, nS)(σCC and nS)(πCC, are significantly stronger, they are 
equal in strength and in anti-phase to each other, resulting in a nearly constant net steric 
repulsion ~10 kcal/mol that should not affect the PhSNO conformational profile (Figure 
4-5). 
Overall, the steric considerations alone seem to suggest that PhSNO should adopt 
a bent minimum energy strucure that avoids both strong –SNO)(C–H steric clashes of the 
coplanar structures as well as weaker steric repulsions observed for the perpendicular 
structures. Therefore, there should be some stabilizing electronic factors that prefer 
perpendicular orientation of the –SNO group towards the aromatic ring. 
 
4.3.4. SNO–Aromatic Ring Donor-Acceptor Orbital Interactions 
 
 
NBO analysis of the stabilizing donor-acceptor orbital interactions between the –
SNO and the phenyl group shows a number of interactions that mirror most of the steric 
repulsions discussed above. However, as the stabilizing energetic effect of donor-
acceptor orbital interactions depends not only on the overlap between the interacting 
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orbitals, but also on the energy difference between them, there are some important 
differences between the orbital interaction energy profiles (Figure 4-10) from the 
corresponding steric repulsion energy profiles (Figure 4-9).  
 
 
Figure 4-9. Major steric repulsions between the –SNO group and the phenyl ring in cis-PhSNO (A) and 
trans-PhSNO (B) corresponding to the coplanar TSpl (ϕ = 0°) and minimum energy perpendicular (ϕ = 90°) 
structures, and the evolution of their energies with respect to the –SNO group rotation along the C–S bond. 
 
While the sulfur p-type lone pair nS repulsions with occupied σCC and πCC orbitals 
(in perpendicular and coplanar structures, respectively) are virtually equivalent in energy, 
the stabilizing effect of the nS→πCC*  interaction in the coplanar structure is much stronger 
compared to the nS→σCC*  interaction in the perpendicular structure, ~19 vs 10-11 kcal/mol, 
respectively. In the perpendicular structure, the σSN)(πCC repulsion is mirrored by 
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simultaneous πCC → σSN*  and σSN→πCC*  stabilizing interactions, 4-5 and 7-8 kcal/mol, 
respectively. Similarly, in the coplanar structure, the σSN)(σCC repulsion is mirrored by a 
weak σSN→σCC*  delocalization, ~2 kcal/mol. The nO)(σCH, nN)(σCH, nS)(σCH, and nN)(πCC steric 
repulsions do not have appreciably strong stabilizing conjugative equivalents.  
The interplay of the destabilizing steric and stabilizing conjugative interactions 
between the –SNO and phenyl moieties that involve the σSN/σSN* , nS, πCC/πCC*  and σCC/σCC*  
orbitals can, in principle, account for the flatness of the trans-PhSNO conformational 
profile around the perpendicular structure, ϕ = 0°–60°. Another contribution to the PES 
flatness in this region could come from the nS→πCC*  delocalization that has an early 
onset—around ϕ = 80°—and quickly rises in energy as the –SNO group moves towards 
coplanarity with the phenyl ring, thereby compensating the decreasing stabilization 
energy due to the nS→πCC*  and πCC→σSN* /σSN→πCC*  interactions. The latter pair of donor-
acceptor interactions between the S–N bond and the aromatic π-system also may be able 
to account for the phenyl ring influence on the –SNO group properties and their 
modulation by the substituents in aromatic RSNOs. However, it is not clear if these 
interactions are strong enough to confer rather significant destabilization of the S–N bond 
in PhSNO compared to MeSNO. Also, the conformational profiles of steric repulsions 
and donor-acceptor interactions (Figures 4-9 and 4-10) are very similar for cis- and trans-
PhSNO which is inconsistent with the significantly different energy profiles around the 
perpendicular geometry, ϕ =90°-60° (Figure 4-5). 
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Figure 4-10. Major donor-acceptor interactions between the –SNO group and the phenyl ring orbitals in 
cis-PhSNO (A) and trans-PhSNO (B) corresponding to the coplanar TSpl (ϕ = 0°, left) and minimum energy 
perpendicular (ϕ = 90°, right) structures, and the evolution of their energies with respect to the –SNO group 
rotation along the C–S bond (center). 
 
These consideratons lead us to look for other possible factors involved in the 
intricate SNO-phenyl ring electronic communication. While the standard second-order 
perturbation theory analysis of the donor-acceptor interactions performed with recent 
versions of the NBO code (versions 5.9 and 6.0) does not reveal any additional 
interactions between the –SNO and phenyl moieties, the list of principal delocalizations 
generated by NBO 5.9 suggests, surprisingly, that the formally unoccupied antibonding 
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σSN*  orbital acts as a donor in a delocalization interaction with an adjacent π-antibonding 
orbital of the phenyl ring, πCC* .148 
Although somewhat unexpected, the existence of σSN*→πCC*  delocalization is in line 
with the electronic structure of the –SNO group, whose σSN*  orbital has a significant 
population (~0.2 and ~0.24 e– in MeSNO and PhSNO, respectively) due to the strong 
nO→σSN*  negative hyperconjugation (Figures 4-7A and 4-8A). Given the population and 
favorable alignment of the σSN*  orbital relative to the aromatic π-system in PhSNO with 
perpendicular –SNO group orientation (Figure 4-11), the secondary σSN*→πCC*
delocalization is not entirely surprising. This suggest that the energetic contribution of the 
σSN*→πCC*  interaction may play a significant role in determining the PhSNO PES and thus 
requires proper quantification. 
 
 
Figure 4-11. Donor-acceptor delocalization of electron density from the σSN*  orbital to a πCC*  orbital of the 
aromatic ring in cis- (A) and trans-PhSNO (B). 
 
However, reliable estimation of the energetic effect of the σSN*→πCC*  interaction is 
not straightforward methodologically. For instance, the second-order perturbation theory 
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interaction energies ∆Eij(2) are not meaningful in this case, because they are calculated 
assuming non-degenerate orbital energies for the donor (i) and acceptor (j) orbitals: 
 
where qi is the donor orbital occupancy, Fij is the Fock  matrix element, and ∆εji is the 
difference between the acceptor and donor orbital energies, εj and εi. As the σSN*  and πCC*  
are very close in energy (∆εji < 0.01 Hartree) the second-order perturbation theory would 
give highly unphysical interaction energy estimates (>80 kcal/mol). 
Another approach to estimate the energetic effect of conjugative interactions in 
NBO is a quasi-variational deletion approach, when the donor-acceptor interaction of 
interest is deleted by removing the corresponding elements of the NBO Fock matrix, 
recalculating the density matrix and the corresponding electronic energy which is then 
compared to the full electronic energy of the molecule. The deletion technique suggests 
that the σSN*→πCC*  interaction exists in both PhSNO conformers (Figure 4-11), although its 
energetic effect is relatively small, ∆E($DEL) = 3.5-3.8 kcal/mol. However, the 
∆E($DEL) values are also suspect, as the deletion technique may not be reliable when 
applied to the DFT densities.91 It is recommended to confirm the ∆E($DEL) values 
obtained with DFT by comparing them with the Hartree-Fock (HF) calculations. 
Unfortunately, the HF method provides erroneous description of the basic –SNO group 
properties137 and thus is not useful in the case of PhSNO. This prompted us to look for 
another approach to characterize the σSN*→πCC*  interaction using NBO methods. 
 
 E(2)ij =  qi
F 2ij
 "ji
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4.3.5. Characterization of Secondary Donor-Acceptor Interactions Using 
an Alternative Lewis Structure 
 
 
To understand the chemical importance of the somewhat unconventional σSN*→πCC*  
interactions in PhSNO (Figure 4-11), we need to turn back to the basic resonance 
description of the –SNO group in terms of the conventional structure S and two 
antagonistic structures D and I (Figure 4-1). The latter structure represents the strong 
negative hyperconjugation nO→ σSN*  (Figure 4-8A): when brought to completion, this 
interaction would result in breaking of the S–N σ-bond and formation of a second N–O 
π-bond, πNO2, and a second p-type lone pair at the sulfur atom, nS2. Thus, although the 
σSN*→πCC*  interactions cannot be reliably characterised using the default natural Lewis 
structure equivalent to the main resonance structure S, this secondary conjugation can be 
conveniently analyzed in terms of an alternative Lewis structure corresponding to the 
resonance structure I. This can be done using the $CHOOSE option of the NBO program 
that expresses the electronic structure of a molecule in terms of a user-specified Lewis 
structure; the resulting NBO description corresponds to the same electron density, albeit 
expressed in terms of different orbital sets. For instance, the S–N bond does not formally 
exist in the alternative $CHOOSE-I representation but appears, instead, as an extremlely 
strong nS2→πNO2*  delocalization.  
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Figure 4-12. Secondary conjugation in the natural Lewis structure versus alternative $CHOOSE-I Lewis 
structure.  
 
In the $CHOOSE-I representation, the population of the nS2 lone pair corresponds 
to the sulfur atom portion of both σSN and σSN*  orbital populations in the default natural 
Lewis structure S. Thus, both conventional σSN→πCC*  hyperconjugation (Figure 4-10) and 
unconventional secondary σSN*→πCC*  conjugation (Figure 4-11) are represented as a single 
nS2→πCC*  delocalization in $CHOOSE-I (Figure 4-12). The nS2→πCC*  stabilization energies 
estimated peturbatively for the two PhSNO conformers (~20 kcal/mol, Figure 4-13, A 
and B) are comparable to a similar—but expectedly stronger—conjugation in 
thiophenolate anion PhS– (~35 kcal/mol, Figure 4-13C).  
 
 
Figure 4-13. Donor-acceptor interaction between the nS2 orbital to one of the πCC*  orbitals of the aromatic 
ring in $CHOOSE-I representations of cis- (A) and trans-PhSNO (B), along with analogous conjugation in 
PhS– (C). 
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The second-order nS2→πCC*  energies are at the maximum for the minimum-energy 
PhSNO structures with perpendicular SNO-phenyl ring arrangement (ϕ = 0°, Figure 4-
14). Thus, the secondary nS2→πCC* /σSN*→πCC*  donor-acceptor interaction appears to be an 
important factor that counteracts the destabilizing steric repulsions and thus stabilizes the 
perpendicular PhSNO geometries (Figure 4-9). Furthermore, the nS2→πCC*  interaction 
energy is smaller and has a flatter profile around ϕ = 90° for trans-PhSNO vs cis-PhSNO 
which is consistent with lower stability of the trans-conformer and its flat conformational 
profile (Figure 4-5). This, in turn, correlates with weaker nO→σSN*  negative 
hyperconjugation in trans- vs cis-PhSNO (Figure 4-8A), the primary donor-acceptor 
interaction that populates the σSN*  orbital. Of course, the conformational profiles of 
PhSNO are determined by a complex interplay of a multitude of electronic and steric 
factors and so cannot be rationalized in their entirety in terms of just a few donor-
acceptor and steric interactions. However, the long-range delocalization of the electron 
density from the oxygen lone pair nO to σ-antibonding S–N orbital and then to the phenyl 
ring π-system appears to be an important factor determining the properties of PhSNO and 
ArSNOs in general. 
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Figure 4-14. Evolution of the nS2→πCC*  interaction energies in the two PhSNO conformers with respect to 
the –SNO group rotation along the C–S bond, evaluated with second-order perturbation theory in 
$CHOOSE-I representation. 
 
 
Figure 4-15. Basic and extended types of delocalization with examples. 
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4.3.6. Cascading Negative Hyperconjugation/Conjugation and Its Role in 
ArSNO Chemistry 
 
 
To formally characterize the cascading donor-acceptor interaction tying together 
the aromatic π-system and the –SNO group, we first revisit the general classification of 
the common donor-acceptor/conjugative orbital interactions (Figure 4-15). Interaction 
between π-orbitals and/or p-type lone pairs—π→π *, n→π *, etc.—is referred to as 
conjugation or simple conjugation.149,150 Hyperconjugation refers to σ→π * or σ→n 
delocalization from filled σ-orbitals into π*-orbitals or empty p-orbitals, whereas 
delocalization from filled π-orbitals or p-type lone pairs to σ*-orbitals is referred to as 
negative hyperconjugation.  
Consecutive and cooperative donor-acceptor interactions between multiple π-
orbitals are common in chemistry; e.g., they give rise to strongly coupled extended 
aromatic or polyene π-systems able to provide a medium for long-range charge and 
energy transfer.151 On the other hand, extended/cascading donor-acceptor interactions 
involving orbitals other than π-type are much less common. Two- and three-stage 
delocalizations involving σ-orbitals have been discussed149,150 for carbocations—silicon- 
or tin-containing carbocations in particular.152,153 While double and triple 
hyperconjugations involving consecutive σ→n interactions, where n is an empty p-
orbital, (Figure 4-15) have been observed in several cases,149,152-154 a mixed case of 
hyperconjugation/conjugation, i.e. primary σ→π * donation (1°) followed by secondary 
π→π * conjugation (2°), has been hypothesized, but not observed in real molecules.149 
Thus, extending the classification by Lambert and Ciro,149 the cascading nO→σSN*  
(primary, 1°) / nS2→πCC*  (secondary, 2°) donor-acceptor interaction in PhSNO can be 
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characterized as negative hyperconjugation/conjugation, which we will henceforth 
abbreviate as nσ/nπ (Figure 4-16). 
 
 
Figure 4-16. Extended delocalization patterns of the negative hyperconjugation/conjugation intereaction 
within PhSNO. 
 
Resonance representation (Figure 4-16) immediately reveals the chemical 
consequences of the cascading nσ/nπ interaction in PhSNO: the secondary nS2→πCC*  
interaction delocalizes the formal negative charge on the sulfur atom in the ionic structure 
I (Figure 4-1), thus increasing its overall contribution into the –SNO group electronic 
structure. This stabilization is identical in nature to the resonance stabilization of 
thiophenolate anion:   
 
These considerations naturally explain significantly weaker S–N bond in aromatic 
RSNOs, as well as the influence of the substituents in the aromatic ring on the properties 
of the –SNO group and the S–N bond in particular. Electron-withdrawing groups at para- 
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and ortho-positions should further stabilize the ionic component I, and so result in longer 
and weaker S–N bond. On the other hand, electron-donating substituents at these 
positions would decrease the ionic contribution and thus shorten and stabilize the S–N 
bond. 
 
 
Figure 4-17. Subtituent effect on the S–N bond length in aromatic RSNOs.  
 
Although a systematic investigation of the substituent effects in ArSNOs will be 
reported elsewhere, we show here two examples confirming this prediction (Figure 4-17): 
placing strongly electron-withdrawing –CN groups at ortho- and para-positions results in 
significant elongation of the S–N bond compared to unsubstituted PhSNO (by 0.073 Å). 
On the other hand, electron-donating –OH substituents lead to the S–N bond shortening 
(by 0.017 Å). These predictions are also in line with the limited experimental data. The 
relative stability of ArSNOs with bulky substituents reported in the literature (Figure 4-2) 
have been rationalized solely in terms of a steric protection of the –SNO group.21,88,89 
However, it is now clear that destabilization of the ionic resonance component of the –
SNO structure due to weakly electron-donating groups at ortho-positions is another 
important factor responsible for the thermal stability of these ArSNOs. These examples 
illustrate that the electronic interaction between the aromatic π-system and the σ-orbitals 
of the –SNO bond, primarily in the form of the secondary nS2→πCC*  donation, is the key to 
understanding the substituent effects in ArSNOs.  
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4.4. Summary  
 
 
A detailed electronic structure analysis of the parent aromatic S-nitrosothiol 
PhSNO reported here shows that many of the puzzling ArSNO properties can be related 
to a cascading negative hyperconjugation/conjugation nσ/nπ interaction that involves 
electron delocalization from the oxygen lone pair to the σ-antibonding S–N orbital and 
then to the π*-aromatic orbitals. To the best of our knowledge, this is the first reported 
example of this unusual extended delocalization pattern. 
The nσ/nπ interaction—that can be interpreted as a stabilization of the –SNO 
group ionic resonance structure I by the aromatic ring—leads to weakening of the S–N 
bond, which correlates with lower thermal stability of ArSNOs vs aliphatic RSNOs. The 
electronic communication between the phenyl ring and the –SNO group provided by the 
nσ/nπ interaction explains the surprising substituent modulation of the S–N bond 
properties in ArSNOs.  
The cascading nσ/nπ interaction also appears to be one of the important factors 
determining the perpendicular orientation of the –SNO group with respect to the aromatic 
plane. However, our analysis suggests that the conformational profile for the –SNO group 
rotation is determined by a complex interplay of steric repulsions, donor-acceptor 
delocalizations, and geometry distortions. While cis-PhSNO has a clear preference for 
perpendicular SNO-phenyl ring orientation, in trans-PhSNO the –SNO tilt angle would 
be evenly distributed within 60° (90°±30°, Figure 4-5) at finite temperatures. At the same 
time, the experimental88,89 and computational90 results from the literature suggest that 
substituted ArSNOs can have a titled –SNO group orientation both in cis- and trans-
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conformers. Further studies will be required to discern the combination of factors 
determining the variation of the –SNO group tilt in ArSNOs. 
The present results lay a solid conceptual groundwork for further investigation of 
the substituted aromatic RSNOs and design of novel RSNO-based NO, NO+, and 
HNO/NO– donors. Also, this work once again illustrates that the antagonistic resonance 
description of the –SNO group (Figure 4-1) provides a powerful paradigm to understand 
and predict chemistry of RSNOs, including their structure, stability, reactivity, and the 
biological control of their reactions. 
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Chapter 5. 
 
 
Insights for S-Nitrosothiols:  
The Complex Electronic Structure of Vinyl-SNO 
 
 
5.1. Introduction 
 
 
S-Nitrosothiols (RSNOs) are heavily involved in a myriad number of biological 
processes through their key role in nitric oxide (NO) regulation via transport and 
storage.27-32 RSNOs are imperative in biological functions of NO through specific control 
of the S-nitrosation of cysteines in a wide range of proteins.17-20 While cellular RSNOs 
provide much of the currently understood RSNO functionality associated with NO 
biology, therapeutic application of extracellular RSNOs continues to be a primary 
research opportunity.117,121-127 Moreover, the targeted delivery of NO through new 
synthetic RSNOs, hinges on a developing base of electronic structure information about 
the –SNO group and its response to external effects. 
 
 
Figure 5-1. Resonance representation of RSNO electronic structure with contributing delocalization 
patterns. 
 
The electronic structure of RSNOs includes fascinating contradictions, which are 
fundamental to the understanding of their geometry and reactivity. In a majority of 
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RSNOs, the S–N bond is weak ~30 kcal/mol BDE and elongated ~1.8 Å suggesting a 
single bond.22,75,128-130 However, there are also cis- and trans- conformers in many RSNOs, 
which suggest partial double bond character of the S–N bond.77,78 Indeed, the RSNO 
electronic structure appears to include two very opposite bonding patterns implying 
complete opposite reactivity and stability. Understanding of this contradiction is possible 
using an intuitive resonance scheme including two resonance structures; the double S–N 
bond structure D and the ionic structure I, along with the single S–N bond structure S, 
Figure 5-1.74 The presence of cis- and trans- conformers is explained by contribution of 
the zwitterionic resonance structure D, a direct result of sulfur lone pair donation 
delocalization into the S–N π-antibond, Figure 5-1. The weak and elongated S–N σ-bond 
is then explained by contribution from the ionic resonance structure I, which arises from 
donation of an oxygen lone pair into the S–N σ-antibond, Figure 5-1. Therefore, the two 
resonance structures D and I clarify the opposite bonding trends seen in RSNO electronic 
structure as well as imply completely opposite reactivity. Moreover, modulation of the 
balance of D and I is possible with coordination of Lewis acids and the application of 
electric fields.74,80,81,136 
 
 
Figure 5-2. Cascading negative hyperconjugation/conjugation. 
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Development of new RSNOs is important to provide controlled NO donors with 
targeted properties. Despite progress in understanding of the RSNO resonance 
description, relatively few stable RSNOs exist. A logical way towards generating new 
RSNOs quickly is to study the substituent effect on the –SNO group, which is expected to 
substantially shift the balance of structures D and I. Recently we reported a detailed 
analysis of PhSNO, the simplest aromatic RSNO (ArSNO), toward its use as a flexible 
template for future substituent studies.155 A thorough natural bond orbital91 (NBO) 
analysis of PhSNO revealed the complex interplay of the –SNO group and aromatic ring 
through which a substituent effect is communicated. Despite the non-planar geometry of 
PhSNO, a novel cascading negative hyperconjugation/conjugation interaction exists, 
Figure 5-2.155 It is the main avenue by which the substituent can act on the –SNO group. 
Indeed, the substituent effect is transmitted effectively through the aromatic ring into the 
σ-orbitals of the –SNO group resulting in stabilization with electron donating groups and 
destabilization with electron withdrawing groups.155 Furthermore, the effect should be 
enhanced through the use of substituents at both the ortho and para positions, Figure 5-2. 
Along with substituent effect, the cascading double conjugation results in very 
effective destabilization of the S–N bond in PhSNO, which correlates with its low 
chemical lifetime.87 The non-planar geometry of PhSNO also prevents what is expected 
to be effective π-conjugation between the –SNO group and aromatic system resulting in 
great stabilization. This leaves an intriguing question about the class of ArSNOs in 
general. Primarily, is there any mode of conjugation between the aromatic and –SNO 
groups that results in stabilization of the S–N bond. 
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To that end, we present a study of a simple analog of PhSNO,22 vinyl-SNO 
(VinSNO), which is the simplest case of π-bond interaction with an –SNO group. The 
planar geometry of VinSNO is indicative of possible π-conjugation between the –SNO 
group and π-bond, despite its low chemical lifetime.22 Moreover, dual stable geometries 
of VinSNO are reported, with the non-planar geometry resulting in a similar orientation 
as the non-planar geometry of PhSNO.90  
In this contribution we use electronic structure calculations to thoroughly analyze 
VinSNO, the simplest case of π-bond interaction with an –SNO group. Several of the 
issues within PhSNO electronic structure are simplified due to no steric hindrance 
between –SNO and the aromatic ring. Moreover, the planar geometry of VinSNO is 
indicative of enhanced conjugation between the –SNO group and π-bond, highlighting 
the intriguing possibility of stabilization of structure D via the vinyl double bond. It is 
expected that VinSNO will provide more information regarding the electronic structure 
of PhSNO and the broader class of ArSNOs. This should enhance the available electronic 
structure information towards development of new RSNOs using substituent studies, and 
novel ideas about the stabilization of the –SNO group. 
 
5.2. Computational Details 
 
 
All density functional theory (DFT) calculations were completed in the Gaussian 
09 program package.141 The Perdew-Burke-Ernzerhof hybrid functional98,99 (PBE0) in 
combination with the diffuse-augmented polarization-consistent aug-pc-1 basis set by 
Jensen106,142,143 has previously been shown to reliably describe RSNO properties.81,129 All 
geometry optimizations were performed in redundant internal coordinates with “very 
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tight” optimization criteria and the “ultrafine” integration grid. A relaxed potential energy 
surface (PES) 2-dimensional scan was obtained by scanning 360° of the C–S–N–O 
dihedral angle at 2° increments of the C–C–S–N dihedral angle. Natural bond orbital91 
(NBO) analyses were performed with the latest NBO 6.0 code,144 unless otherwise 
specified. All orbital interaction energies were estimated using second-order perturbation 
theory. All steric repulsion energies were estimated using natural steric analysis.96 
 
5.3. Results and Discussion 
 
 
5.3.1. VinSNO Geometry 
 
 
Vinyl-SNO (VinSNO) has stable cis- and trans-conformers that are nearly 
isoenergetic, cis-VinSNO is ~0.3 kcal/mol more stable than the trans-conformer, Figure 
5-3A. Both cis- and trans-VinSNO have two stable geometries, planar structures cis- and 
trans-VinSNOpl and non-planar structures cis- and trans-VinSNOnpl (C–C–S–N dihedral 
angle ~63° and ~52° respectively), Figure 5-3A. The cis- and trans-VinSNO non-planar 
structures are 1.2 and 0.8 kcal/mol higher in energy than the planar structures. The planar 
and non-planar structures are separated by first-order saddle points cis- and trans-TSpl–npl 
(C–C–S–N dihedral angle ~107° and ~101° respectively), with low energetic barriers 1.2 
and 1.9 kcal/mol respectively, Figure 5-3. Moreover, these are surprisingly low energetic 
barriers for rotation around the C–S bond given the planar geometry and expected π-
conjugation between the p-type sulfur lone pair and C–C π-bond. 
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Figure 5-3. Calculated equilibrium structures of cis- and trans-VinSNO (A), represented on a contour plot 
of a 2-dimensional scan along the C–S–N–O and C–C–S–N dihedral angles with scan points at 2° 
increments and energies (kcal/mol) relative to cis-VinSNOpl (B). 
 
Conversion between cis- and trans-VinSNO occurs via cis-trans isomerization in 
two unexpected non-planar transition structures, TS1ct and TS2ct, with energy barriers 
11.8 and 11.9 kcal/mol respectively, in good agreement with MeSNO (10.5 kcal/mol) and 
PhSNO (13.9 kcal/mol), Figure 5-3B. The two transition structures have identical C–C–
S–N dihedral angles, ~114°, and are separated only by opposite C–S–N–O dihedral 
angles, Figure 5-3B. Due to the energy maximum at ~86° C–S–N–O and 0° C–C–S–N, 
the cis-trans isomerization of VinSNO occurs with rotation around both the C–S–N–O 
and C–C–S–N dihedral angles, in agreement with PhSNO. Moreover, the region of the 
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PES around both isomerization structures is extremely flat, varying less than ~0.5 
kcal/mol for ±40° rotation from either structure along the C–C–S–N dihedral angle, 
Figure 5-4.  
 
 
Figure 5-4. Effect of –SNO group rotation about the C–C–S–N dihedral angle on the energy of VinSNO 
with C–S–N–O dihedral angle frozen at 266° (A) and 86° (B). 
 
Due to the location of TS1ct and TS2ct, and the flat nature of the PES, it is unclear 
which stationary points are connected by the isomerization transition structures, and IRC 
calculations did not yield meaningful results. Therefore, it is plausible that TS1ct and 
TS2ct may simply connect cis- and trans-VinSNOpl, or perhaps interconnect all four 
minima of VinSNO. 
The S–N bond length of VinSNO, 1.85 Å and 1.84 Å for cis- and trans-
conformers, is in good agreement and almost exactly between MeSNO (1.82 Å) and 
PhSNO (1.88 Å), Figure 5-3A. The VinSNO S–N BDE is almost identical to PhSNO, 
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26.2 kcal/mol vs. 26.7 kcal/mol, and much lower than MeSNO, 31.7 kcal/mol. This is in 
agreement with experimental observations that ArSNOs are generally less stable than 
alkyl-substituted RSNOs. The S–N bond is greatly elongated in TS1ct and TS2ct, 2.01 Å 
and 2.02 Å, respectively, in agreement with PhSNO. It is also elongated in cis- and trans-
TSpl–npl, 1.87 Å for both, as well as cis- and trans-VinSNOnpl, 1.90 Å and 1.87 Å 
respectively, Figure 5-3A. The overall energy of VinSNO increases with increasing S–N 
bond length, except the non-planar structures in which the energy decreases relative to 
cis- and trans-TSpl-npl while the S–N bond length increases, Figure 5-3. This is contrary to 
PhSNO in which there was anti-correlation between S–N bond length and overall energy. 
The C–S bond is also elongated in TS1ct, TS2ct, and cis- and trans-TSpl–npl, 1.76 Å for all; 
which correlates well with increased overall energy of those structures, Figure 5-3. 
Therefore, both the S–N and C–S bond lengths correlate well with the overall stability of 
VinSNO and consequently, –SNO group stability. However, the low energy barrier for 
rotation around the C–S bond is contrary to the expected π-conjugation and overall planar 
geometry. Moreover, conversion between the planar and non-planar geometries of 
VinSNO is crucial to understanding the reactivity. As shown below, the complex 
electronic structure VinSNO is better understood through systematic study of conjugative 
interactions steric repulsions that offer deeper understanding of the VinSNO PES and 
reactivity. 
 
5.3.2. VinSNOpl NBO Results 
 
 
The major conjugative donor-acceptor interactions of VinSNOpl are shown in 
Figure 5-5. Two of these stabilizing interactions, negative-hyperconjugation and π-
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conjugation (Figures 5-5A and B, respectively), have been observed and well studied in 
MeSNO and PhSNO. The negative-hyperconjugation interaction, nO→σSN* , is a donation 
of a lone pair, the oxygen p-type lone pair (nO) of VinSNO, to a σ-anti-bond, the S–N σ-
anti-bond (σSN* ) of VinSNO. The π-conjugation interaction, nS→πNO* , is a donation of a 
lone pair, the sulfur p-type lone pair (nS) of VinSNO, to a π-anti-bond, the N–O π-anti-
bond (πNO* ) of VinSNO. A third interaction (Figure 5-5C), also a π-conjugation, nS→πCC* , is 
a donation of a lone pair, the sulfur p-type lone pair (nS) of VinSNO, and a π-anti-bond, 
the C–C π-bond (πCC* ) of VinSNO. These interactions will be referred to below as nO→σSN* , 
nS→πNO* , and nS→πCC*  accordingly. 
 
 
Figure 5-5. Dominant stabilizing donor-acceptor interactions of cis- and trans-VinSNOpl shown using 
isosurface representations of the pre-orthogonal natural bond orbitals (PNBOs). 
 
The stabilizing conjugative interactions, nO→σSN*  and nS→πNO* , result in the 
weakening/elongation of the S–N bond and its rotational barrier, respectively. These 
effects have been thoroughly studied in MeSNO and PhSNO, and are identical in 
VinSNO. The negative hyperconjugation nO→σSN*  is higher for cis- (53.0 kcal/mol) than 
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trans-VinSNO (50.9 kcal/mol) in agreement with the lower energy and elongated S–N 
bond of cis-VinSNO. The π-conjugation nS→πNO*  is also higher for cis- (29.5 kcal/mol) 
than trans-VinSNO (27.8 kcal/mol). The trend in conjugative interactions of cis- higher 
than trans-conformer was also observed in PhSNO, while for MeSNO the cis- π-
conjugation nS→πNO*  and trans- negative hyperconjugation nO→σSN*  are higher. The second 
π-conjugation nS→πCC*  is also higher for cis- (24.4 kcal/mol) than trans-VinSNO (23.5 
kcal/mol) resulting in increased partial double bond character of the S–C bond. However, 
the weak planar/non-planar transition state barrier, 1.2 and 1.9 kcal/mol for cis- and 
trans-, is surprisingly low given the conjugation strength. The low rotation barrier may be 
explained by another conjugation σCH→σCS* , donation of electron density from the C–H σ-
bond (σCH) to the C–S σ-anti-bond (σCS* ), which weakens the C–S bond, Figure 5-6. 
 
 
Figure 5-6. Donor−acceptor delocalization of electron density from the σCH orbital to σCS*  orbital in cis- (A) 
and trans-VinSNO (B). 
 
As a result of the overlap of donor and acceptor orbitals, each stabilizing 
conjugation has a corresponding steric repulsion. The major steric repulsions of 
VinSNOpl are seen in Figure 5-7. The nO)(σSN energy estimates are similar for cis- and 
trans-VinSNOpl (29.1 and 30.4 kcal/mol) and are in agreement with PhSNO (30.8 and 
30.7 kcal/mol). The nS)(πNO energies are also similar for cis- and trans-VinSNOpl (6.8 and 
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6.7 kcal/mol) and again agree with PhSNO (6.1 and 6.3 kcal/mol). Interestingly, the 
nS)(πCC repulsion is higher than nS)(πNO, an unexpected result due to the larger 
corresponding nS→πNO*  energy indicating increased overlap. In comparison, the energy 
estimates of steric repulsions are all lower than that of the corresponding conjugative 
interactions in VinSNO, MeSNO, and PhSNO. While the conjugative interactions and 
steric repulsions are estimated using different methods, it is clear that each conjugative 
interaction is stronger than the related steric repulsion, resulting in overall stabilization of 
the molecule.  
 
 
Figure 5-7. Dominant repulsive steric interactions of cis- and trans-VinSNOpl shown using isosurface 
representations of the pre-orthogonal natural localized molecular orbitals (PNLMOs). 
 
5.3.3. VinSNOnpl NBO Results 
 
 
The electronic structure of VinSNO is altered upon rotation around the C–C–S–N 
bond from planar to non-planar geometries, resulting in changes to the major stabilizing 
conjugations as well as new interactions. The negative hyperconjugation nO→σSN*  is 
stronger for cis- (61.7 kcal/mol) than trans-VinSNOnpl (55.0 kcal/mol), Figure 5-8A, in 
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agreement with the same trend in VinSNOpl. The energy estimate of nO→σSN*  is also 
stronger for the planar structure in comparison to the non-planar structure. The π-
conjugation nS→πNO*  is again larger for cis- (24.8 kcal/mol) and trans-VinSNOnpl (23.7 
kcal/mol), Figure 5-8B, in agreement with VinSNOpl. Furthermore, the π-conjugation 
nS→πNO*  is weaker in the non-planar structure than planar structure. While negative 
hyperconjugation nO→σSN*  and π-conjugation nS→πNO*  are largely unaffected by rotation 
around the C–C–S–N dihedral angle, the π-conjugation nS→πCC*  is much weaker for the 
non-planar structure (3.6 and 8.0 kcal/mol for cis- and trans-), Figure 5-8C. The bent C–
C–S–N dihedral angle of VinSNOnpl clearly decreases the overlap of the sulfur p-type 
orbital nS and C–C π-anti-bond πCC*  resulting in lower conjugation energy. Moreover, the 
nS→πCC*  energy estimate is twice higher for trans-VinSNOnpl than the cis-conformer, 
reflecting their ~12° difference in C–C–S–N dihedral angle. 
 
 
Figure 5-8. Dominant stabilizing donor-acceptor interactions of cis- and trans-VinSNOnpl shown using 
isosurface representations of the pre-orthogonal natural bond orbitals (PNBOs). 
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While the π-conjugation nS→πCC*  is weaker in VinSNOnpl, the bent C–C–S–N 
dihedral angle affords new stabilizing conjugations, Figure 5-9. These three stabilizing 
conjugations are nS→σCC* , πCC→σSN* , and σSN→πCC* . The nS→σCC*  interaction is ~1 kcal/mol 
stronger for cis-VinSNOnpl than the trans-conformer, Figure 5-9A. The πCC→σSN*  
interaction is the strongest of these three interactions and is ~3 kcal/mol higher for cis-
VinSNOnpl. The σSN→πCC*  interaction is similar in strength to the nS→σCC*  interaction and is 
~2 kcal/mol stronger for cis-VinSNOnpl than the trans-conformer. These interactions are 
all minor in comparison to the stronger interactions within the –SNO group, nO→σSN*  
(~55-62 kcal/mol) and nS→πNO*  (~23-25 kcal/mol). In comparison to VinSNOpl, which has 
nS→πCC*  as a single stabilizing interaction between the –SNO group and the C–C π-bond, 
the sum of these stabilizing interactions for VinSNOnpl is quite similar. Moreover, the 
small difference in stabilizing interaction energy, ~4-5 kcal/mol higher for VinSNOpl than 
VinSNOnpl, may account for the slight difference in overall energy of the two geometries 
(~0.7 and ~1.1 kcal/mol for cis- and trans-, Figure 5-3B). 
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Figure 5-9. Stabilizing donor-acceptor interactions between the –SNO and –R moieties of cis- and trans-
VinSNOnpl shown using isosurface representations of the pre-orthogonal natural bond orbitals (PNBOs). 
 
Indeed, the stabilizing interactions of VinSNOpl and VinSNOnpl are in good 
agreement with the PES features. However, none of the major stabilizing conjugations or 
steric repulsions of VinSNOpl account for the surprisingly weak S–N BDE. It is also 
unclear, based on simple NBO analysis, what role the non-planar structure plays in the 
overall stability and geometry of VinSNO. Further analysis of the VinSNOnpl NBO 6.0 
output shows very high occupancy of the formally unoccupied S–N anti-bonding orbital 
σSN*  (~0.26 and ~0.21 e–, cis- and trans-) in agreement with PhSNO (~0.24 and ~0.20 e–, 
cis- and trans-). The high occupancy of σSN*  is attributed to the strong negative hyper-
conjugation nO→σSN* . Additionally, stabilization of this anti-bonding orbital would result 
in promotion of the nO→σSN*  interaction and weakening of the S–N bond. While this 
cannot be accomplished in VinSNOpl, the bent C–C–S–N dihedral angle of VinSNOnpl 
results in alignment of σSN*  with another anti-bonding orbital πCC* . The subsequent 
interaction σSN*→πCC*  (Figure 5-10A) is the overlap between the anti-bonding σSN*  orbital, 
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acting as a donor, and the anti-bonding πCC* . The same interaction is seen in PhSNO, 
Figure 5-10B.  
 
 
Figure 5-10. Donor−acceptor delocalization of electron density from the σSN*  orbital to πCC*  orbital in cis-
VinSNOnpl (A) and cis-PhSNO (B). 
 
The VinSNOnpl geometry is clearly reminiscent of PhSNO with respect to the bent 
C–C–S–N dihedral angle. Estimation of the energetic contribution of the σSN*→πCC*  
interaction is difficult, a problem shared with the same interaction in PhSNO. The typical 
2nd order perturbation theory energy estimation cannot properly quantify this interaction 
because of the degenerate σSN*  and πCC*  orbitals (energy difference ~0.01 hartree). 
Moreover, this complex interaction requires the σSN*  orbital, a formally unoccupied 
antibonding orbital, to function as an acceptor in the negative hyperconjugation nO→σSN*  
and donor in the σSN*→πCC*  interaction. 
 
5.3.4. Cascading Double Conjugation in VinSNO 
 
 
Due to the complexity of σSN*→πCC* , it is helpful to explain this interaction in terms 
of the RSNO resonance description. Specifically, the σSN*→πCC*  interaction is closely 
related to structure I, which arises from strong negative hyperconjugation. Moreover, 
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σSN*→πCC*  interaction is a consequence of strong partial negative hyperconjugation, which 
imparts high occupancy to the formally unoccupied σSN*  orbital and results in enhanced 
structure I character. Therefore, the σSN*→πCC*  interaction may be simplified and redefined 
in the parallel case of full negative hyperconjugation leading to structure I. The 
$CHOOSE option of the NBO program is a convenient method which employs a user-
specified alternative Lewis structure. The resulting description, $CHOOSE I, corresponds 
to the same electron density as that of the natural Lewis structure description, structure S, 
while the orbital set is different. The $CHOOSE I description is the effect of complete 
negative hyperconjugation with broken S–N bond resulting in a new N–O π-bond, πNO2, 
and second p-type sulfur lone pair, nS2. Therefore, the σSN*→πCC*  interaction can be 
simplified as donation of electron density from the p-type sulfur lone pair nS2 to the C–C 
π-antibond πCC* , Figure 5-11. 
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Figure 5-11. Donor−acceptor interaction between the nS2 orbital and the πCC*  orbital in the $CHOOSE I 
representations of cis- (A), trans-VinSNOnpl (B), and analogous conjugation in ethenylthiolate anion (C), 
along with corresponding interactions of PhSNO (D-F) for comparison. 
 
The nS2→πCC*  interaction is only possible in the bent VinSNOnpl geometry, due to 
proper overlap of the nS2 and πCC*  orbitals. The nS2→πCC*  interaction is 6.6 kcal/mol stronger 
for cis-VinSNOnpl than the trans-conformer, in good agreement with the greater stability 
of cis-VinSNO seen in the calculated PES, Figure 5-3B. Moreover, the nS2→πCC*  
interaction energies are reasonable and similar to analogous interaction in ethenylthiolate 
anion, Figure 5-11A, a trend observed for PhSNO, Figure 5-11B. The stability imparted 
by the nS2→πCC*  interaction can account for the overall lower energy of the non-planar 
geometry and agrees quite well with this trend in the calculated PES, Figure 5-3B. 
Additionally, the nS2→πCC*  interaction energies of cis- and trans-VinSNOnpl are quite 
similar to the same interactions in PhSNO (21.7 and 15.1 kcal/mol vs. 21.8 and 19.0 
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kcal/mol in PhSNO), although there is a greater variance between cis- and trans-
conformers in VinSNO than PhSNO, Figure 5-11. 
The nS2→πCC*  interaction is a simplification of the unusual σSN*→πCC*  interaction and 
assumes a similar function as a stabilizer for the high occupancy σSN*  orbital resulting 
from strong negative hyperconjugation nO→σSN* . Therefore, nS2→πCC* /σSN*→πCC*  is a 
secondary conjugation in a cascading double conjugation interaction similar to that 
identified in PhSNO. This double conjugation effectively stabilizes the negative 
hyperconjugation interaction and promotes increased structure I character. A weak S–N 
BDE is a direct consequence of this cascading double conjugation and agrees quite well 
with the similar BDEs of VinSNO and PhSNO. Moreover, the strength of the cascading 
double conjugation is similar in both VinSNO and PhSNO, which is again in good 
agreement with their nearly identical calculated S–N BDEs. 
 
5.3.5. New Insights for S-Nitrosothiols 
 
 
The role of the non-planar geometry of VinSNO is analogous to the bent 
geometry of PhSNO. Cascading double conjugation has been shown to have tremendous 
influence on the –SNO group geometry in ArSNOs155, and it has the same orbital motif in 
both VinSNO and PhSNO, which results in weaker S–N bond. Moreover, the calculated 
geometry of VinSNO suggests the S–N BDE might be higher in comparison to PhSNO. 
Instead, the S–N BDE is almost identical (26.2 vs 26.7 kcal/mol for VinSNO and 
PhSNO, respectively), which again highlights the importance and power of the double 
conjugation interaction in both of these molecules. 
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While the planar geometry of VinSNO implies possible conjugation and 
stabilization of structure D, there is no interaction between the induced double bond 
character of the S–N bond and the vinyl double bond. Furthermore, there is conjugation 
between the sulfur lone pair nS and the πNO*  and πCC*  orbitals (Figure 5-5) that results in the 
planar structure of VinSNO, but stabilization of structure D cannot be inferred based on 
the geometry. Conjugation stabilizing structure D is also not seen in PhSNO due to its 
non-planar geometry and, therefore, is not possible in either molecule. The lack of 
conjugation between the –SNO group and the aromatic moiety in a planar geometry 
means that the double conjugation interaction is the single mode of communication 
between the two groups. As was seen for PhSNO, the through bond portion of any 
substituent effect can only be transmitted through the double conjugation interaction.155 
 
 
Figure 5-12. Effect of deprotonation of carboxylic acid substituted VinSNO on the S–N bond length. 
 
PhSNO and the analogous VinSNO are representative of a much broader 
possibility of substituted RSNOs. The main frustration of these RSNOs is undoubtedly 
their low S–N BDEs, limiting use as NO donor compounds. However, the variety of 
substitution available in ArSNO scaffolds may allow for development of new strategies 
towards stabilizing the –SNO group. One possibility is the use of pH dependent 
substituents to modify the character of the –SNO group. An example using a substituted 
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VinSNO is provided in Figure 5-12. The substituted VinSNO has two carboxylic acid 
groups in proximity to the –SNO group. Upon deprotonation, the remaining carboxylic 
acid and resultant carboxylate anion group support the negative and positive charges on 
the oxygen and sulfur atoms, respectively. The proper support of charges promotes 
structure D and shortens the S–N bond. Furthermore, subsequent re-protonation of one of 
the carboxylic acid groups should trigger fast dissociation of NO from the substituted 
VinSNO, Figure 5-12.  
 
5.4. Summary 
 
 
The present work demonstrates that VinSNO is comparable to PhSNO in the 
nature of their –SNO groups’ interaction with adjacent π-systems. The cascading double 
conjugation interaction is a dominant feature of both and is probably effective in 
destabilizing the S–N bond of any RSNO that has a π-system adjacent to the –SNO 
group. The predominant discussion of ArSNOs to date has centered on fast NO 
dissociation as a problem for synthesis. Here we suggest a rethinking of this property as a 
benefit in the development of new NO donors. Moreover, the weak S–N bond of ArSNOs 
may be useful if the –SNO group can be stabilized in a controlled fashion. In this respect, 
ArSNOs are uniquely positioned for development of new RSNOs. A substituted VinSNO 
with pH dependent substituents shows a possible, simple, and effective method to 
stabilize the –SNO group through charge support. Furthermore, it is proposed that 
supporting charge on both the S and O atoms is important for strong stabilizing effect on 
the S–N bond  of the –SNO group.  
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In summary, this computational study has highlighted the possible role of 
VinSNO in the further development of new RSNOs with controllable NO dissociation. 
Moreover, due to the similarity of VinSNO and PhSNO, the ideas generated from study 
of VinSNO may be generalized to a broader class of substituted ArSNOs. 
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Chapter 6. 
 
 
Lewis Acid–S-Nitrosothiol Complex:  
Effects on the –SNO Group Structure and Stability 
 
 
6.1. Introduction 
 
 
S-Nitrosothiols (RSNOs) are known for their integral role in nitric oxide related 
biological processes.17-20 Endogenous RSNOs can act on proteins in a highly regulated 
process known as S-nitrosation.27-32 The multitude of proteins that undergo S-nitrosation 
is evidence of the great impact of RSNO chemistry on the NO biology. Moreover, 
development of therapeutic uses in RSNO chemistry is an actively growing field, 
although exogenous NO donors with tunable properties are lacking. Many current stable 
RSNOs contain bulky tertiary groups to ensure the stability of the S–N bond and, 
therefore, increase the chemical lifetimes.21,88,89 While this ensures the stability of the 
RSNO, the in-flexible nature of the –R substituent is limiting. The drawback of current 
RSNOs is the ability to selectively dissociate NO via a controlled fashion. 
 
 
Figure 6-1. Resonance representation of RSNO electronic structure. 
 
The resonance representation of the RSNO electronic structure highlights 
opportunity for further development. This resonance description is comprised of three 
resonance structures S, D, and I, Figure 6-1.74 The resonance structures D and I imply 
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opposite reactivity due to their antagonistic charge and bond distribution. Modulation of 
the balance of these structures is possible with Lewis acid coordination to specific atoms 
of the –SNO group, Figure 6-2. With this effect the S–N bond length and dissociation 
energy can be roughly tuned within a range, 1.6–2.2 Å and 28–40 kcal/mol.81 Moreover, 
this encourages opposite reactivity of RSNOs. Further modulation of the –SNO group 
properties is, therefore, expected by use of specific substituents attached to aromatic 
RSNO (ArSNO) scaffolds. Recent study of the simplest ArSNO, PhSNO, shows distinct 
substituent effect acting through a surprising cascading double conjugation.155 This 
interaction is vital to the conveyance of the substituent effect throught the aromatic ring 
to the –SNO group. It has also been shown that this interaction is highly influential in the 
electronic structure of an ArSNO analog, VinSNO.  
 
 
Figure 6-2. Resonance representation of the Lewis acid (LA) effect on the electronic structure of RSNOs. 
 
The caveat of the cascading double conjugation is the highly destabilizing effect 
on the S–N bond of ArSNOs.155 This effect is expected to result in decreased chemical 
lifetimes of all ArSNOs. Furthermore, it is expected that ArSNOs will undergo effective 
dissociation of NO. While the control of NO dissociation is still lacking in RSNOs, 
ArSNOs are uniquely capable of providing flexible templates for the study and 
development of controlled NO donors. The use of Lewis acid has been shown to have 
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highly stabilizing effect on the –SNO group of MeSNO.81 Combination of substituent 
effect and the directed coordination of Lewis acids in an ArSNO scaffold may provide a 
synergistic effect yielding increased stabilization of the –SNO group and finer 
modulation of the its properties toward controlled release of NO. Therefore, in this 
contribution we provide a detailed study of the interplay of VinSNO, a simplified ArSNO 
analog, and a Lewis acid, BF3, toward further understanding of the complex interplay of 
the two. The insight gained may lead to new ideas about the development of controllable 
and applicable NO donor RSNOs. 
 
6.2. Computational Details 
 
 
All density functional theory (DFT) calculations were completed in the Gaussian 
09 141 program package. The Perdew-Burke-Ernzerhof hybrid functional98,99 (PBE0) in 
combination with the diffuse-augmented polarization-consistent aug-pc-1106,142,143 basis set 
by Jensen has previously been shown to reliably describe RSNO properties.81,129 All 
geometry optimizations were performed in redundant internal coordinates with “very 
tight” optimization criteria and the “ultrafine” integration grid. Natural bond orbital91 
(NBO) calculations were performed with the latest NBO 6.0144 code, unless otherwise 
specified. All orbital interaction energies were estimated using second-order perturbation 
theory. All steric repulsion energies were estimated using natural steric analysis.96 
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6.3. Results and Discussion 
 
 
6.3.1. Lewis Acid Effect on VinSNO Geometry 
 
 
Complexation of a Lewis acid, BF3, with the oxygen atom of the planar structure 
of VinSNO, VinSNOpl-BF3, results in noticeable shortening of the S–N bond from 1.85 
and 1.84 Å to 1.71 and 1.73 Å for cis- and trans-, respectively, Figure 6-3A. 
Interestingly, the S–N bond of the cis-conformer is longer in VinSNOpl, but shorter in 
VinSNOpl-BF3. There is also a corresponding elongation of the N–O bond from 1.17 to 
1.21 Å for both cis- and trans-, Figure 6-3A. The shortening of the S–N bond of 
VinSNOpl upon complexation of BF3 at the oxygen atom of the –SNO group is in good 
agreement with the analogous effect previously reported for complexation of a Lewis 
acid at the oxygen atom of MeSNO. There are also slight changes in the valence angles, 
C–S–N and S–N–O, consistent with the shortening of the S–N bond and increased steric 
strain. 
The S–N bond length of the non-planar structure of VinSNO, VinSNOnpl is also 
greatly shortened from 1.898 and 1.874 Å to 1.779 and 1.754 Å for cis- and trans-, 
respectively, Figure 6-3B. Once again, there is concomitant change in both the C–S–N 
and S–N–O valence angles, in agreement with VinSNOpl-BF3. Interestingly, while the S–
N bond shortening is slightly less pronounced for VinSNOnpl, the change in valence 
angles is almost identical to those in VinSNOpl. This suggests that the effect of a Lewis 
acid on the geometry of VinSNO is almost identical in both the planar and non-planar 
structures with the overall effect of shortening the S–N bond.  
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Figure 6-3. Planar (A) and non-planar (B) calculated equilibrium structures of cis- and trans-VinSNO with 
and without BF3 complex at oxygen.  
 
Another obvious effect of complexation with BF3 is the marked change in the C–
C–S–N dihedral angle of VinSNOnpl from 63° and 52° to 71° and 47° for cis- and trans-, 
respectively, Figure 6-3B. This shift implies an interesting perturbation of the electronic 
structure of VinSNO. The non-planar structure is important for overall lowering of the 
energy of VinSNO through the cascading double conjugation interaction. A shift in the 
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C–C–S–N dihedral angle signals a change in S–N bond strength and general stability of 
VinSNO. Moreover, this change in dihedral angle is indicative of an apparent but 
undefined change in the strength of orbital interactions and overall electronic structure. 
 
 
Figure 6-4. Relaxed potential energy profile for the −SNO group rotation along the C−S bond in terms of 
the C−C–S−N dihedral angle in cis- and trans-VinSNO (A) and cis- and trans-VinSNO-BF3 (B). 
 
Further information is available through specific relaxed PES scans of VinSNO 
and VinSNO-BF3, Figure 6-4. There is virtually no change in energy difference between 
cis- and trans- conformers of VinSNO-BF3, cis- is ~0.4 kcal/mol more stable vs. ~0.3 
kcal/mol in VinSNO. However, while the overall shapes of the PES scan curves are 
similar for the trans- conformer of VinSNO and VinSNO-BF3, there is a noticeable 
change in the curves of the cis- conformers. As previously stated, the non-planar 
structures of VinSNO-BF3 are shifted along the C–C–S–N dihedral angle. Moreover, cis-
VinSNOnpl-BF3 appears more as a shoulder in the PES curve than the pronounced 
minimum of cis-VinSNOnpl, Figure 6-4. Interestingly, the energy barrier separating planar 
and non-planar VinSNO-BF3 is almost identical for VinSNO ~1.3 and ~1.2 kcal/mol, 
respectively, Figure 6-4. However, the cis-VinSNO-BF3 energy barrier is shifted in 
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comparison to cis-VinSNO and indistinguishable, rather than a defined maximum and 
minimum on the PES, Figure 6-4B. 
The energy difference between the planar–non-planar transition barrier and 
VinSNOnpl is much lower in cis-VinSNO-BF3 as opposed to that of cis-VinSNO, ~0.0 and 
~0.4 kcal/mol, respectively, Figure 6-4. Moreover, the same trend is not observed for 
trans-VinSNO-BF3 and trans-VinSNO, in which the energy difference is unchanged, ~0.8 
and ~0.7 kcal/mol, respectively, Figure 6-4. The almost non-existent cis-VinSNOnpl-BF3 
structure is indicative of its diminished contribution to the overall electronic structure. 
Interestingly, the trans-conformer is nearly identical in many aspects, despite a difference 
in the C–C–S–N dihedral angle of both the cis- and trans- conformers. It is obvious that 
the Lewis acid, BF3, has a strong effect on the cis-VinSNO, altering the electronic 
structure contributions of the planar and non-planar structures. However, the cause of this 
effect and the lack of a similarly obvious change in the trans-VinSNO electronic 
structure are unclear and require further insight. Next, we will use orbital interaction 
analysis with respect to the already discussed geometries and PES scans to interpret the 
complex interplay of Lewis acids and VinSNO. 
 
6.3.2. Conjugative Effects in VinSNO–Lewis Acid Complex 
 
 
The major conjugative donor-acceptor interactions of VinSNOpl-BF3 are shown in 
Figure 6-5. Three of these stabilizing interactions, negative-hyperconjugation and π-
conjugation, and vinyl-π-conjugation (Figures 6-5A-C, respectively), are well studied in 
VinSNOpl. The negative hyperconjugation interaction, nO→σSN* , is a donation of a lone 
pair, the oxygen p-type lone pair (nO), to a σ-anti-bond, the S–N σ-anti-bond (σSN* ), Figure 
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6-5A. The π-conjugation interaction, nS→πNO* , is a donation of a lone pair, the sulfur p-
type lone pair (nS), to a π-anti-bond, the N–O π-anti-bond (πNO* ), Figure 6-5B. A third 
interaction, vinyl-π-conjugation, nS→πCC* , is a donation of a lone pair, the sulfur p-type 
lone pair (nS), to a π-anti-bond, the C–C π-bond (πCC* ), Figure 6-5C. A fourth interaction, 
nO→nB*, is a donation of a lone pair, the oxygen p-type lone pair (nO), to an empty p-type 
orbital of boron, (nB*), Figure 6-5D. These interactions will be referred to below as 
nO→σSN* , nS→πNO* , nS→πCC* , and nO→nB* accordingly. 
 
 
Figure 6-5. Dominant stabilizing donor−acceptor orbital interactions in planar cis- and trans-VinSNO-BF3 
shown using isosurface representations of the preorthogonal natural bond orbitals (PNBOs). 
 
The nO→σSN* , nS→πNO* , and nS→πCC*  interactions have been previously studied in 
VinSNO and differ in VinSNO-BF3 only in magnitude. Indeed, the negative 
hyperconjugation nO→σSN*  is considerably lower in VinSNOpl-BF3 than VinSNOpl, 23.5 
and 24.7 kcal/mol for cis- and trans- compared to 53.0 and 50.9 kcal/mol, respectively, 
Figure 6-5. The effect of lower negative hyperconjugation nO→σSN*  is stabilizing for the 
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S–N bond, which corresponds to lower contribution of structure I. Moreover, this is in 
good agreement with the shortened S–N bond length of VinSNOpl-BF3 in comparison to 
VinSNOpl. The π-conjugation nS→πNO*  is much greater in VinSNOpl-BF3 than VinSNOpl, 
53.5 and 46.1 kcal/mol for cis- and trans- compared to 29.5 and 27.8 kcal/mol, 
respectively, Figure 6-5. The increase in π-conjugation nS→πNO*  is in tandem with the 
lower negative hyperconjugation. Again, it is in good agreement with the shortened S–N 
bond length of VinSNOpl-BF3 due to its stabilizing effect and promotion of structure D. 
The vinyl-π-conjugation nS→πCC*  is nearly equal in VinSNOpl-BF3 than VinSNOpl, 21.2 
kcal/mol for cis- and trans- compared to 24.4 and 23.5 kcal/mol, respectively, Figure 6-5. 
This is in agreement with the relatively unchanged C–S bond length of VinSNOpl-BF3 in 
comparison to VinSNOpl because of the stabilizing effect of vinyl-π-conjugation. 
The fourth stabilizing conjugation is the nO→nB* interaction, which is the most 
tangible effect of the Lewis acid, BF3, on the VinSNO electronic structure, Figure 6-5D. 
The conjugation strength, 65.1 and 54.9 kcal/mol for cis- and trans-, is in good agreement 
with the previous orbital interactions. Interestingly, the calculated binding energy is 4.3 
and 4.2 kcal/mol for cis- and trans- , much less than the 2nd order perturbation energy 
estimate of conjugation strength, although cis- is stronger than trans- in both case. The 
donation of electron density from the oxygen lone pair to the boron atom of the Lewis 
acid is the direct cause of lower negative hyperconjugation nO→σSN*  observed in 
VinSNOpl-BF3. As a consequence, it is also responsible for the increased π-conjugation 
nS→πNO* . The overall effect is stabilizing, resulting in the shortened S–N bond of VinSNO 
and, therefore, a possible longer lifetime. However, the effect of a Lewis acid on the 
VinSNO electronic structure is not properly treated without inclusion of the complex 
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interplay of the cascading double conjugation interaction, previously predicted for 
VinSNO in the non-planar structure. 
 
 
Figure 6-6. Dominant stabilizing donor−acceptor orbital interactions in non-planar cis- and trans-VinSNO-
BF3 shown using isosurface representations of the preorthogonal natural bond orbitals (PNBOs). Note that 
the nS→πCC*  interaction (C) in cis-VinSNO is non-existent due to the C–C–S–N dihedral angle. 
 
The major conjugative donor-acceptor interactions of VinSNOnpl-BF3 are shown 
in Figure 6-6. With the exception of the vinyl-π-conjugation in cis-VinSNOnpl-BF3, all of 
the interactions share similar orbital makeup and mode of interaction to those of 
VinSNOpl-BF3, although the energies are different. The VinSNOnpl-BF3 negative 
hyperconjugation nO→σSN*  is increased in comparison to VinSNOpl-BF3, 36.0 and 23.5 
kcal/mol for cis-. The increase in negative hyperconjugation nO→σSN*  strength in 
comparison to VinSNOpl-BF3 is in good agreement with the analogous increase from 
VinSNOpl to VinSNOnpl.  
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The π-conjugation interaction nS→πNO*  is much weaker in VinSNOnpl-BF3 than 
VinSNOpl-BF3. It is also much weaker for trans- than cis-conformer by nearly 50%. 
Interestingly, the lower π-conjugation nS→πNO*  does agree with the increased negative 
hyperconjugation nO→σSN*  in VinSNOnpl-BF3, due to the competition between the two 
interactions. Moreover, it is unclear what effect the negative hyperconjugation and π-
conjugation interactions have in relation to the relaxed PES scans, Figure 6-4B. 
The non-planar vinyl-π-conjugation nS→πCC*  is unique in that it is only present for 
trans-VinSNOnpl-BF3, Figure 6-6C. The absence of this interaction in the non-planar cis-
conformer is most likely due to a less acute angle between the –SNO group and the vinyl 
double bond, 71° and 47° for cis- and trans-, which prevents the necessary orbital 
overlap. The stabilizing effect of this interaction for the trans-conformer could help 
explain the pronounced minimum for trans- in comparison to cis-VinSNOnpl-BF3, Figure 
6-4B. However, the strength of nS→πCC*  is low compared to the other orbital interactions 
and does not fully explain the PES scans.  
The final major stabilizing interaction nO→nB* is lower in VinSNOnpl-BF3 in 
comparison to the planar conformer. Moreover, the distinct difference in interaction 
strength favors trans-, 43.7 vs. 29.4 kcal/mol, and is in good agreement with the lower 
negative hyperconjugation strength in the trans-conformer.  
All of the conjugative donor-acceptor interactions of the VinSNOnpl-BF3 structure 
have a role in defining the interplay of the –SNO group and the vinyl double bond, as 
defined by the relaxed PES scan around the C–S bond. However, the marked difference 
in the PES scans of VinSNO and VinSNO-BF3, especially in the non-planar structure, is 
unclear based on the orbital picture seen above. The cascading double conjugation 
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interaction has a central role in the non-planar structure of PhSNO and VinSNO, 
specifically the strength of the S–N bond and orientation of the –SNO group with respect 
to the –R group.155 Therefore, the effect of a Lewis acid on the electronic structure of 
VinSNO must be bound to both the interplay of the Lewis acid and –SNO group, as well 
as the consequent effect of cascading double conjugation. 
 
6.3.3. Intricate Interplay of Lewis Acid and VinSNO 
 
 
The Lewis acid–VinSNO complex is interesting in that there is a stark and 
noticeable difference in the cis- and trans- PES scans, which is not readily explained by 
analysis of the donor-acceptor interactions. Upon further examination, this peculiar 
difference in behavior must begin with the role of the Lewis acid in complex with the 
oxygen atom. Interestingly, there is a difference in the oxygen–boron bond distance of 
VinSNOpl-BF3, 1.930 and 1.985 Å for cis- and trans-, respectively, Figure 6-3A. While 
not a large difference in bond length, the resulting increased pyramidalization of BF3 in 
the cis-conformer over trans- is evidence of the strong effect of the small change in bond 
length. Moreover, it reflects the difference in how tightly bound BF3 is to the oxygen 
atom of the –SNO group, in agreement with the increased nO→nB* of cis- over trans-
conformer. 
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Figure 6-7. Steric interactions of cis- and trans-VinSNO shown using isosurface representations of the 
preorthogonal natural localized molecular orbitals (PNLMOs).  
 
The difference in binding of the Lewis acid to the –SNO group does not correlate 
with the similar geometries of both cis- and trans-VinSNO, with and without Lewis acid 
complexation. Interestingly, the negative hyperconjugation nO→σSN*  is stronger in cis-
VinSNO, and it might be expected that the side effect of less electron density in the p-
type oxygen orbital is the less effective binding of the Lewis acid. However, the Lewis 
acid is more tightly bound in cis- vs. trans-conformer. The other noticeable difference in 
cis- and trans-VinSNO is steric hindrance in the cis-conformer due to the lone pairs of 
oxygen clashing with the C–H σ-bond, which is not present in the trans-conformer, 
Figure 6-7. Interestingly, the increased delocalization of the oxygen lone pair of cis-
VinSNO may serve to relieve some of the steric hindrance. Moreover, this is in 
agreement with the increased nO→nB* donation in the cis-conformer, which results in 
stronger binding of the Lewis acid.  
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Figure 6-8. Profiles of the evolution of the O−B bond length for rotation around the C−C−S−N dihedral 
angle in cis- and trans-VinSNO. 
 
The effect of the Lewis acid on VinSNO is more easily seen in the O–B bond 
length change within a scan of the C–C–S–N dihedral angle of VinSNO-BF3, Figure 6-8. 
Rotation around the C–S bond, results in gradual elongation of the O–B bond and, 
therefore, raises the overall energy, Figure 6-8. This effect is more pronounced in cis-
VinSNO-BF3 due to tighter binding of the Lewis acid in the planar structure. Taken in 
combination with ineffective cascading double conjugation due to tighter binding of the 
Lewis acid that lowers negative hyperconjugation, the rise in energy will not be 
effectively countered. Indeed, a rise in energy due to elongation of the O–B bond, in 
tandem with a lack of stabilization due to lowered cascading double conjugation, may 
result in the lack of a pronounced VinSNO-BF3 non-planar minimum, Figure 6-4B. The 
opposite is true in the trans-conformer, in which the rising energy upon rotation around 
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the C–S bond, due to the less effective binding of the Lewis acid, is combined with 
cascading double conjugation to result in a pronounced non-planar minimum. 
 
6.4. Summary 
 
 
The binding of a Lewis acid to the oxygen atom of VinSNO has a strong effect on 
the –SNO group properties as well as the planar and non-planar geometries. A 
combination of effects accounts for the altered PES scans of cis- and trans-VinSNO. The 
Lewis acid effect on VinSNO was shown to be similar to previous studies with MeSNO. 
Complex of Lewis acid at oxygen results in promotion of structure D and shortening of 
the S–N bond of VinSNO. Moreover, the Lewis acid mitigates the destabilizing effect of 
cascading double conjugation by preventing the generally strong negative 
hyperconjugation interaction, Figure 6-9. However, as observed in trans-VinSNO, the 
cascading double conjugation still has some effect, although partially subdued. 
 
 
Figure 6-9. Extended conjugation patterns in VinSNO and effect of complex of BF3 at oxygen. 
 
Due to the similar nature of VinSNO and PhSNO, the ideas generated through 
study of the Lewis acid effect on VinSNO can be generalized to substituted ArSNOs. 
Indeed, complex of a Lewis acid at the oxygen atom of the –SNO group should result in 
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mitigation of the destabilizing effect of double conjugation in ArSNOs. It is further 
expected that combination of substituents and complex with a Lewis acid could give 
more effective control over the release of NO from ArSNOs.  
 
 
Figure 6-10. Substituent effect on the S−N bond length in aromatic RSNOs with (A) and without (B) 
complex of BF3 at oxygen. 
 
Substituted PhSNO has been shown previously to have significant substituent 
effect with ortho and para substituents. However, the presence of electron-donating 
substituents in those positions has a limited effect on the S–N bond of PhSNO, 1.86 Å vs 
1.88 Å in unsubstituted PhSNO, Figure 10A, due to its intense cascading double 
conjugation. Addition of a Lewis acid results in a significantly shortened S–N bond in 
comparison to the substituted PhSNO, Figure 10B, in agreement with the similar effect of 
a Lewis acid on VinSNO. Furthermore, controlled removal of the Lewis acid may 
constitute effective and tunable control of NO dissociation when combined with the use 
of different substituents in the ortho and para positions.   
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Chapter 7.  
 
 
External Electric Field Effect on S-Nitrosothiols 
 
 
7.1. Introduction 
 
 
S-Nitrosothiol (RSNO) electronic structure presents unique opportunities with the 
antagonistic nature of its resonance description. The varying properties of RSNOs have 
been well described in reference to a three structure resonance description of structures S, 
D, and I, which account for both the elongation of the S–N bond and presence of cis-
/trans-conformers of all RSNOs, Figure 7-1.74 Effective modulation of the balance of 
these structures can have profound effect on RSNO electronic structure. The 
complexation of Lewis acids has been shown to vary the S–N bond 1.6–2.2 Å depending 
on coordination to specific atoms of the –SNO group.81 Application of external electric 
field (EEF) also has strong effect on RSNO electronic structure depending on the 
direction and strength of the field.80 This evidence of variation in the –SNO group 
properties is telling of a dual nature within reactions of RSNOs. Moreover, both Lewis 
acid and external electric field (EEF) can modulate the behavior of the –SNO group in 
RSNO reactions, trans-S-nitrosation and S-thiolation.80 Despite understanding the 
possible attenuation of RSNO properties, little has been done towards tuning the 
chemical lifetime and NO donor ability of RSNOs.  
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Figure 7-1. Effect of external electric field (EEF) on the resonance representation of RSNO electronic 
structure. 
 
Aromatic RSNOs (ArSNOs) are viable candidates for further study as flexible 
scaffolds in substituent study of –SNO group modulation. The recent studies of PhSNO 
show the complex nature of the interplay between aromatic groups and the –SNO 
group.155 While unstable by nature, PhSNO indeed has an orbital interaction motif 
through which a substituent effect is clearly conveyed, cascading double conjugation.155 
The efficacy of this interaction to convey the substituent effect from positions on the 
aromatic ring to the –SNO group is in tandem with a simultaneous destabilizing effect on 
the S–N bond. The possible study of substituent effect is based on further understanding 
of interaction between aromatic groups and the –SNO group.  
Application of specific and strong EEF oriented along the S–O vector of a non-
aromatic RSNO, MeSNO, causes very effective promotion of either structure D or I, and 
can either stabilize or destabilize the S–N bond.80 The powerful effect of the EEF on 
RSNOs could have interesting consequences in application to ArSNOs. Here we present 
a detailed study of MeSNO and PhSNO under perturbation by EEF toward further 
understanding of the interplay between the aromatic and –SNO groups. The application 
of an EEF along the S–O vector of an ArSNO will give new insight into the use of 
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specific substituents for enhancement of targeted –SNO group properties. Moreover, 
polarization of the –SNO group can be effectively studied along with the overlap of 
strong promotion of structures D and I with the aromatic group. This new information 
about ArSNOs can lead to novel design concepts toward enhanced control of RSNO 
electronic structure. 
 
7.2. Computational Details 
 
 
All density functional theory (DFT) calculations were completed in the Gaussian 
09141 program package. The Perdew-Burke-Ernzerhof hybrid functional98,99 (PBE0) in 
combination with the diffuse-augmented polarization-consistent aug-pc-1106,142,143 basis set 
by Jensen has previously been shown to reliably describe RSNO properties. All geometry 
optimizations were performed in redundant internal coordinates with “very tight” 
optimization criteria and the “ultrafine” integration grid. Electric field calculations were 
performed with the electric dipole field oriented along the S–O vector. Natural resonance 
theory92-94 (NRT) calculations were preformed with the NBO 5.9 code.94 NRT analysis 
was performed with multi-reference method used to specify three reference structures S, 
D, and I. In the case of PhSNO, six reference structures were used to specify alternate 
bonding patterns of the aromatic ring double bonds for each structure S, D, and I. Final 
resonance weights of structures S, D, and I were obtained based on the NRT analysis 
with an in-house code, in which resonance structures are grouped based on –SNO group 
resonance patterns of S, D, and I. The final resonance weights of S, D, and I are 
normalized.  
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7.3. Results and Discussion 
 
 
7.3.1. Electric Field Effect: MeSNO 
 
 
Application of an EEF along the S–O vector of MeSNO results in nearly linear 
modulation of the S–N bond length in both cis- and trans-conformers, Figure 7-2. The S–
N bond is shortened with positive field and elongated with negative field. The resulting 
range is ~1.73–2.00 Å for an EEF range of ±0.015 au. The shortening of the S–N bond 
with positive EEF is expected due to the alignment of the field to promote structure D. 
Conversely, negative EEF promotes structure I resulting in elongated S–N bond. 
Increasing negative EEF should result in NO+ donation from MeSNO. Moreover, the EEF 
at sufficient strength could modify the RSNO resonance description to promote structures 
D or I to the natural Lewis structure (NLS) of MeSNO. 
 
 
Figure 7-2. Evolution of the S–N bond length of cis- and trans-MeSNO with respect to change in applied 
EEF. 
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The electronic structure of RSNOs can be further explained using NRT 
calculations to assign approximate resonance weight values to the specific resonance 
structures S, D, and I. As the structures D and I represent the opposite bonding and 
reactivity of RSNOs, multi-reference NRT results are summarized for those two 
structures in Figure 7-3.  
 
 
Figure 7-3. Evolution of natural resonance theory (NRT) weights of structures D and I of cis- (A) and 
trans-MeSNO (B) with respect to change in applied EEF. 
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Interestingly, in both cis- and trans-conformers of MeSNO, there is nearly linear 
dependence of structure D on the EEF strength. The effect of positive EEF on MeSNO 
significantly increases the contribution of structure D to the resonance description, in 
agreement with the shortening effect on the S–N bond. Structure I is nearly linearly 
dependent on the EEF, however, it is noticeably less so than structure D. Positive EEF 
causes a reduction in the contribution of structure I, in agreement with the shortened S–N 
bond of MeSNO under positive EEF. Conversely, negative EEF again causes the opposite 
effect, a rise in structure I, also in agreement with the elongated S–N bond of MeSNO. 
The interdependence of structures D and I is obvious from their plotted resonance 
weights, Figure 7-3. The contribution of structure S, not shown, remains approximately 
unchanged, ~60–65% over the wide range of EEF. Therefore, the modulation of 
structures D and I involves both structures. While one structure is promoted, it is at the 
expense of the other resonance structure, whose contribution subsequently decreases. In 
the case of MeSNO, at higher positive EEF structure D is greatly increased, at the 
expense of a greatly diminished structure I. The opposite is true at higher negative EEF. 
This interdependence of structures is consequence of the proper resonance description 
employed in the multi-reference NRT analysis. Interestingly, the zero EEF structure of 
MeSNO has differing resonance weight values of D and I. Only at negative EEF do the 
two structures become equal in resonance weight, implying a certain balance between the 
two structures at neutral EEF. The linear dependence of both structures on the EEF is 
evidence of the nearly equal contribution of both structures to the resonance description 
of MeSNO. 
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7.3.2. Electric Field Effect: PhSNO 
 
 
The use of an EEF along the S–O vector of PhSNO induces S–N bond length 
modulation similar to MeSNO. There is a nearly linear dependence of the S–N bond 
length on the EEF strength, Figure 7-4. Both cis- and trans-PhSNO S–N bonds are 
modulated within a range of 1.75–2.09 Å. The S–N bond is shortened in presence of 
positive EEF and elongated with negative EEF, in agreement with MeSNO. Moreover, 
the range of bond length is similar in PhSNO and MeSNO. Again, in the presence of 
positive EEF structure D should be promoted, which is evident from the shortened S–N 
bond length. The opposite is true for negative EEF promotion of structure I.  
 
 
Figure 7-4. Evolution of the S–N bond length of cis- and trans-PhSNO with respect to change in applied 
EEF. 
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the global minimum structure, with a nearly perpendicular C–C–S–N dihedral angle, 
~90°, shown in Figure 7-5. In the presence of high positive EEF, the C–C–S–N dihedral 
angle of cis-PhSNO changes rapidly from 90° towards a planar geometry, Figure 7-5A. 
The promotion of structure D at high positive EEF hinders the cascading double 
conjugation, which is primarily responsible for the non-planar geometry of cis-PhSNO.  
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Figure 7-5. Evolution of the C–C–S–N dihedral angle of cis- (A) and trans-PhSNO (B) with respect to 
change in applied EEF. 
 
The resulting effect is an increasingly planar structure, maximizing possible 
conjugation in PhSNO between the –SNO group and aromatic ring. However, due to the 
strength of EEF necessary to induce this change in electronic structure, it is unlikely to be 
an accessible effect resulting in a stable structure. 
C–
C–
S–
N 
di
he
dr
al
, d
eg
re
es
C–
C–
S–
N 
di
he
dr
al
, d
eg
re
es
40
50
60
70
80
90
40
50
60
70
80
90
Fz, au
-0.015 -0.010 -0.005 0 0.0100.005 0.015
-0.015 -0.010 -0.005 0 0.0100.005 0.015
Fz, au
A
B
S
NO
S
N O
 145 
In contrast to cis-PhSNO, the trans-conformer C–C–S–N dihedral angle does not 
change with positive EEF. Rather, the C–C–S–N dihedral angle unexpectedly decreases 
only with application of negative EEF, Figure 7-5B. This change in dihedral angle also 
becomes more gradual at higher negative EEF. It is expected in both the cis- and trans-
conformers that the promotion of structure I with negative EEF should result in increased 
cascading double conjugation, resulting in an unchanging perpendicular C–C–S–N 
dihedral angle. The dihedral angle change within the trans-conformer is likely due to the 
S–O vector alignment with the aromatic ring, which is noticeably different between the 
cis- and trans-conformers. Moreover, increased field alignment with the phenyl ring may 
result in preference of planar trans-PhSNO, in which the effect is maximized. It is also 
possible that the energy lowering effect of cascading double conjugation at high negative 
EEF is gradually less effective than simply rotating the –SNO group in plane with the 
aromatic ring, due to less steric hindrance in trans-PhSNO. 
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Figure 7-6. Evolution of natural resonance theory (NRT) weights of structures D and I of cis- (A) and 
trans-PhSNO (B) with respect to change in applied EEF 
 
The NRT analysis of cis- and trans-PhSNO again has nearly linear dependence of 
structures D and I on the applied EEF, in agreement with MeSNO. The plotted NRT 
resonance weights of PhSNO show more noise in comparison to MeSNO, reflecting the 
increased number of minor structures assigned for resonance weight determination due to 
the added resonance of the aromatic ring, Figure 7-6. Similar to MeSNO, positive EEF 
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promotes structure D and decreases structure I for both cis- and trans-PhSNO. Negative 
EEF has the opposite effect by reducing structure D and increasing the contribution of 
structure I. Interestingly, the point at which structures D and I have even contributions in 
the electronic structure is much closer to the zero EEF structure in PhSNO than MeSNO. 
This reflects the lower polarization of the electronic structure of PhSNO in the zero EEF 
structure. Moreover, the maximum contributions of structures D and I in high positive 
EEF are similar in magnitude for MeSNO and PhSNO, while the magnitudes in high 
negative EEF are much larger in PhSNO than MeSNO. 
The interdependence of structures D and I is again apparent in PhSNO, similar to 
MeSNO. The contribution of structure S is approximately even, ~60–70%, with little 
effect on the other resonance structures, and is not shown in Figure 7-6. At higher EEF 
values one structure is increased at the expense of the other structure. Moreover, the 
resonance weights of both structures change at similar rates with opposite signs. 
 
7.4. Summary 
 
 
Through comparison of MeSNO and PhSNO, it is clear that the effect of EEF on 
the electronic structure of aliphatic RSNOs is similar to ArSNOs. At biologically relevant 
EEF values, structures D and I are modulated to a similar extent in both MeSNO and 
PhSNO. Moreover, the effect of EEF on the cascading double conjugation of PhSNO 
results in changing orientation between the –SNO group and aromatic ring. In the case of 
high positive EEF applied to cis-PhSNO, the cascading conjugation is hindered and the 
S–N bond is shortened and stabilized while the –SNO group rotates towards the plane of 
the aromatic ring.  
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Figure 7-7. Substituent effect on the S−N bond length in aromatic RSNOs with two protonated ortho 
substituents (A) and with one deprotonated ortho substituent (B). 
 
The present work demonstrates that proper application of EEF has great effect in 
modifying the –SNO group of ArSNOs, in spite of the strong cascading double 
conjugation interaction. The selective promotion of structures D and I might also be 
achieved with charge stabilizing substituents resulting in a similar local effect as EEF. An 
example of a substituted PhSNO with pH-controlled substituents shows a possible 
mechanism of stabilization, Figure 7-7. The use of two protonated ortho substituents 
supports negative charge at sulfur and promotes structure I. Upon de-protonation of the 
carboxylic acid, the –SNO group is predicted to rotate into the plane of the aromatic ring, 
due to stabilization of positive charge at sulfur and negative charge at nitrogen/oxygen, 
Figure 7-7. Despite additional steric strain on the –SNO group while coplanar with the 
aromatic ring, the charge stabilization due to the substituents is great enough to overcome 
this steric hindrance, in agreement with a similar effect observed in strong positive EEF. 
Moreover, charge stabilizing substituents appear to have such a strong effect on the –
SNO group that it equates to a “locking” mechanism, in which NO dissociation is 
prevented. 
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Figure 7-8. Proposed effect of charged substituents in the ortho position on the resonance representation of 
aromatic RSNOs. 
 
The use of charge stabilizing substituents has great potential for development of 
new RSNOs. Substituted ArSNOs provide flexible templates in which the –SNO group 
properties may be tuned. The use of charge stabilizing substituents, such as pH-controlled 
groups, may be effective in preventing NO dissociation, Figure 7-7. The combination of 
substituent effect at the ortho and para positions in tandem may result in specific tuning 
of NO release. Charge supporting substituents in the ortho positions R1 and R2, depending 
on charge and position, can promote either structure D or I, Figure 7-8. Additionally, 
substitution at the para position R3 with electron donating or withdrawing groups may 
result in a tuning effect to modulate the –SNO group properties. Taken in combination, 
NO dissociation may be effectively controlled by both pH and substitution of the para 
position. 
Systematic study of available thiols is needed to verify the applicability of these 
ideas to the synthesis of novel RSNOs. This systematic search may be accomplished via 
computational study of all readily available thiols to identify those thiols that can be 
synthetically modified with pH controlled substituents. In this way, further computational 
study can be directed towards possible synthesis and experimental study, and may result 
in RSNOs for experimental and therapeutic use.  
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Chapter 8. 
 
 
Conclusion 
 
 
In this dissertation the substituent effect of RSNOs was explored to yield deeper 
understanding of the electronic structure, as well as lead to the development of new 
RSNOs. This project was motivated by the extraordinary importance of RSNO 
biochemistry and their potential therapeutic application as NO donors. A general lack of 
stable RSNOs has hindered the progression of RSNO chemistry and the increase in 
available compounds. Substituent study is uniquely positioned to fulfill these goals 
through exploitation of the antagonistic nature of RSNOs  
The initial project, Chapter 3, began with a main goal: explore the substituent 
effect in substituted RSNOs. Four RSNO models were chosen for use in this substituent 
study, including primary R–SNO and R–CH2–SNO, as well as aromatic meta and para 
substituted R–C6H4–SNO. The aromatic RSNO models were meant to compare favorably 
with the traditional Hammett substituent constants, while the two primary RSNO models 
were meant for further comparison.  
 Direct comparison of the substituent effect within the four models revealed that 
the R–SNO model resulted in the largest substituent effect, as expected due to proximity 
of the substituent to the –SNO group. The R–CH2–SNO and meta and para substituted R–
C6H4–SNO models showed decreasing effect of the substituent on the –SNO group, 
likely due to increased separation and interference of the methylene and aromatic groups.  
Correlations of properties of interest showed that there is linear dependence of the 
S–N bond length on the nO→σSN*  negative hyperconjugation interaction. This demonstrates 
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the importance of the nO→σSN*  negative hyperconjugation in the elongation and 
destabilization of the S–N bond. Linear dependence was also found between the cis-trans 
isomerization energy and nS→πNO*  π-conjugation interaction. The quality of fit is 
drastically better in the aromatic para-R–C6H4–SNO model than the other three models, 
which is likely due to a difference between the strong and varied effect of the substituent 
in the primary models, and the further separation afforded by the aromatic models. 
Moreover, this highlighted the significant difference between the meta and para positions 
of the aromatic ring. 
Contrary to the S–N bond length and cis-trans isomerization energy, no linear 
dependence was found between BDESN and any property, for all four models. It is known 
that the aromatic ring stabilizes the thiyl radical through delocalization of the radical spin 
density to the π-orbitals, which lowers the BDESN of all aromatic RSNOs. Correlations of 
the BDESN and spin charge on the sulfur atom clearly show this effect with weak linear 
trends for both aromatic RSNO models. 
Hammett substituent constants were found to correlate well with the orbital 
interaction energies. Specifically, the para substituent constants resulted in excellent 
quality of fit, while meta constants were far worse. This emphasizes the effective through 
bond effect of para substituents and overall importance of substitution at the para 
position.  
The substituent study of Chapter 3 demonstrated correlation of RSNO properties 
as well as adapting the use of Hammett substituent constants to RSNO study. However, 
the mode of the substituent effect within aromatic RSNOs could not be understood based 
on the substituent study results. The general lack of correlation between the S–N BDE 
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and other RSNO properties highlighted the lack of understanding in the role of the 
aromatic ring on the –SNO group, as well as its role in transmitting any substituent effect. 
Therefore, a new project, Chapter 4, was completed with the intent of understanding the 
electronic structure and mode of substituent effect within the most basic aromatic RSNO, 
PhSNO. 
Detailed electronic structure analysis of PhSNO provided a deeper understanding 
of ArSNO properties as well as the mode of substituent effect for all substituted ArSNOs. 
A novel cascading negative hyperconjugation/conjugation was found to connect 
substituents at the ortho and para positions of the aromatic ring to the –SNO group. This 
new example of double conjugation is responsible for the destabilization of the S–N bond 
within the closed shell electronic structure. Moreover, it results in the non-planar 
geometry of PhSNO, which was previously unexplained. 
The cascading double conjugation acts upon the –SNO group of ArSNOs by 
effectively delocalizing the electron density of the sulfur atom to the aromatic ring, which 
enhances the contribution of the ionic resonance structure ArS–NO+ (structure I) to the 
electronic structure. The ortho and para positions of the aromatic ring should provide 
effective stabilization or destabilization depending on the nature of the substituents. 
While the cascading double conjugation destabilizes the S–N bond, it was ultimately 
found to stabilize the overall non-planar geometry by its delocalization of electron 
density through the sigma bonds of ArSNOs, highlighting its prevailing importance. 
The emergence of the cascading double conjugation resulted in a new 
understanding of the substituent study of ArSNOs. Modulation of the –SNO group is 
clearly available through substitution of PhSNO at the ortho and para positions. However, 
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no strong π-conjugation was found between the –SNO group and aromatic ring, and the 
effect of an adjacent π-system on the –SNO group cannot be deduced based solely on the 
electronic structure of PhSNO. 
Therefore, in Chapter 5 a comprehensive study of the electronic structure of 
vinyl-substituted RSNO (VinSNO), the simplest case of a π-system adjacent to the –SNO 
group. The dual planar/non-planar geometries of VinSNO were both reminiscent of 
PhSNO, and suggesting of potentially strong orbital interactions resulting in significantly 
enhanced stability of the –SNO group. Moreover, the known planar geometry of VinSNO 
underscored the opportunity of possible π-conjugation between the vinyl π-bond and the 
–SNO group. 
A thorough investigation of the electronic structure of VinSNO revealed 
analogous properties to that of PhSNO. Within the analysis of VinSNO, the cascading 
double conjugation was found to play a similar role in the non-planar geometry as in 
PhSNO. However, no further strong conjugation was found between the –SNO group and 
the vinyl π-bond. Therefore, the cascading double conjugation appears to be the 
fundamental conjugation motif between the aromatic –R and –SNO groups within all 
ArSNOs, providing substituent effect along with overall destabilization of the –SNO 
group. 
The planar geometry of VinSNO did provide further ideas toward the 
development of new stable RSNOs. A fundamental property throughout ArSNOs is their 
low chemical lifetimes, a feature that would certainly result in very effective donation of 
NO. Modification of VinSNO with specific charge supporting substituents revealed that 
this effective NO donation may be controlled through an effective “locking” mechanism. 
 154 
A pH-controlled substituent would effectively stabilize or destabilize the –SNO group in 
a reversible process resulting in controlled NO release. ArSNOs are uniquely positioned 
to test this possibility given the plethora of substituent possibilities.  
Further studies were done to test the effectiveness of general charge supporting 
groups around the –SNO group of ArSNOs. Previous study showed the effect of both 
Lewis acids and external electric field (EEF) on the –SNO group of primary RSNOs. 
Therefore, perturbation of the –SNO group within ArSNOs was also studied with Lewis 
acids and EEF in Chapters 6 and 7, respectively. The study in Chapter 6 revealed the 
strong effect of Lewis acids coordinated at the oxygen atom of the –SNO group of an 
ArSNO. Very strong stabilization of the S–N bond was achieved due to the ability of a 
Lewis acid to reduce negative hyperconjugation, and, therefore, cascading double 
conjugation. In combination with specific substituents at the ortho and para positions of 
PhSNO, this could provide stabilization and further modulation of NO release. However, 
Lewis acids may not incur the necessary charge stabilization to induce a “locking” effect 
on the –SNO group.  
The stabilization of charge at both the sulfur and oxygen atoms could result in an 
even stronger “locking” effect on the –SNO group. The EEF study of Chapter 7 
underscored the surprising malleability of the electronic structure of RSNOs within its 
closed shell system. Application of EEF along the –SNO group can result in either 
stabilization or destabilization based on the field direction. The proper strong field can 
perturb the –SNO group quite effectively with promotion of the zwitterionic resonance 
structure RS+=N–O– (structure D). Therefore, stabilization of charges at both the sulfur 
and oxygen atom will give great stabilization to the –SNO group enhancing the chemical 
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lifetime of RSNOs. Moreover, ArSNOs may be modified to include a scaffold capable of 
inducing charge stabilization, as shown in calculations of substituted VinSNO and 
PhSNO. Specifically, substituted PhSNO, including charge-stabilizing groups at the ortho 
positions, could be used in substituent effect study of the para position. The combination 
of effects may give both a “locking” effect on the –SNO group, as well as some 
modulation of NO release by the para substituent. 
Comprehensive investigation of ArSNO electronic structure suggests promising 
directions for the development of novel, controlled, and stable RSNOs. The discovery of 
a rare cascading double conjugation explained the mode of substituent effect on the –
SNO group in ArSNOs. Multiple external perturbations were studied as a means of 
modulating the properties of the –SNO group within ArSNOs, with specific focus on the 
cascading double conjugation. Based on these studies, ArSNOs should have a key role in 
development of novel RSNOs with targeted and controlled properties. 
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APPENDIX A. 
 
 
Table A-1. Selected geometrical parameters (bond lengths in Å), energetic parameters (BDE and cis-trans isomerization in kcal/mol and zero point corrected), 
and NBO interaction energies (∆Eij(2) estimates in kcal/mol) from gas phase calculations of substituted R–SNOs.  
 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   α–β S spin* cis–trans 
BF2 1.980 1.147 25.4 16.7 104.0  1.939 1.154 27.5 17.0 63.9  -0.99 5.1 
B(OH)2 1.831 1.181 28.5 NA 45.1  1.845 1.170 30.3 NA 48.8  -0.98 10.7 
Br 1.812 1.171 28.7 NA 41.5  1.891 1.164 24.7 NA 53.6  NA 13.4 
CH3 1.808 1.183 31.7 33.0 44.7  1.824 1.176 30.7 30.2 46.3  -0.97 13.7 
CH2Br 1.856 1.172 30.1 25.8 52.8  1.854 1.168 29.5 NA NA  NA 10.8 
CHBr2 1.865 1.169 28.7 NA NA  1.869 1.165 28.3 22.1 56.3  NA 11.1 
CBr3 1.896 1.161 25.9 21.7 63.9  1.894 1.162 26.0 23.9 64.7  NA 7.5 
CCH 1.974 1.151 19.6 18.4 76.9  1.939 1.157 17.2 18.6 64.0  -0.67 10.0 
CH2CF3 1.846 1.173 31.3 28.8 51.1  1.853 1.168 30.6 26.0 51.7  -0.98 12.1 
CH2Cl 1.859 1.171 29.9 26.2 53.2  1.853 1.168 29.6 25.2 51.7  -0.98 11.3 
CHCl2 1.864 1.169 30.0 28.1 55.0  1.866 1.165 30.1 25.1 54.9  -0.99 11.1 
CCl3 1.898 1.160 27.4 23.3 64.0  1.892 1.162 27.8 21.1 57.2  -0.96 8.0 
CClF2 1.915 1.157 27.4 21.9 66.9  1.904 1.160 28.4 20.3 59.3  -0.97 8.1 
CH2CN 1.844 1.173 31.4 29.3 51.0  1.857 1.166 30.5 26.2 53.3  NA 12.3 
CH(CN)2 1.858 1.169 32.3 28.4 53.7  1.884 1.159 31.6 23.7 59.7  -0.92 12.6 
CH2CONH2 1.783 1.190 29.5 NA 39.8  1.811 1.179 27.9 31.6 43.4  -0.93 11.2 
CH2F 1.866 1.170 28.6 25.6 53.3  1.855 1.168 29.0 25.4 51.5  -0.97 10.7 
CHF2 1.879 1.167 29.8 26.5 56.8  1.867 1.164 31.5 25.3 54.6  -0.99 11.3 
CF2CF3 1.945 1.151 28.2 20.2 74.6  1.920 1.156 30.0 19.8 62.9  NA 8.5 
CF3 1.922 1.156 29.1 21.5 68.3  1.903 1.159 30.3 20.8 59.8  -0.98 8.3 
CH2I 1.850 1.173 30.5 17.6 55.9  1.853 1.169 29.5 19.3 63.6  NA 11.9 
CHI2 1.863 1.170 27.0 13.3 58.5  1.869 1.166 26.0 14.4 68.1  NA 11.6 
PBE0/aug-pc-1 calculations of substituted R–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
  
171 
 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   α–β S spin* cis–trans 
Cl 1.825 1.169 29.4 27.3 53.7  1.884 1.165 25.7 21.8 58.8  -0.77 13.7 
CN 2.039 1.138 23.9 14.3 95.1  1.998 1.144 22.3 14.8 78.7  -0.64 7.8 
CH=NOCH3 1.863 1.172 21.2 27.5 54.8  1.857 1.169 21.4 25.3 51.6  -0.96 10.2 
CH2OH 1.799 1.188 29.6 29.5 41.0  1.831 1.174 29.7 29.1 47.0  -0.93 12.1 
COCH3 1.957 1.150 24.0 18.2 75.0  1.899 1.161 25.9 18.7 57.2  -0.97 5.3 
COCF3 2.012 1.140 25.2 14.8 88.3  1.957 1.149 26.4 13.8 69.4  -0.93 4.2 
COCl 2.010 1.142 24.4 14.4 86.7  1.948 1.153 25.3 15.7 66.4  -0.95 4.9 
COF 1.995 1.144 24.2 15.8 83.2  1.947 1.153 25.9 16.6 65.9  -0.87 5.8 
CONH2 1.945 1.151 24.9 19.8 74.0  1.902 1.159 26.3 18.8 59.7  -0.86 6.1 
CONHCH3 1.923 1.155 25.4 21.5 69.0  1.896 1.161 26.8 19.5 58.4  -0.93 6.5 
COOH 1.980 1.146 24.8 16.7 80.7  1.911 1.158 26.5 18.7 59.4  -0.93 5.9 
CO2CH3 1.936 1.154 24.3 20.1 69.7  1.899 1.163 26.0 20.4 55.2  -0.97 6.4 
CH2SCN 1.877 1.167 30.2 24.6 56.9  1.873 1.164 29.5 22.9 55.6  -0.52 11.1 
CSNH2 1.817 1.185 15.8 33.0 42.4  1.836 1.176 17.5 27.1 45.0  -0.83 11.7 
CSNHCH3 1.842 1.175 29.5 29.0 50.2  1.841 1.172 28.7 26.4 48.8  -0.96 12.0 
CH2SO2CF3 1.878 1.166 35.8 24.1 57.3  1.887 1.160 34.9 21.6 58.5  -0.86 11.6 
F 1.583 1.177 33.7 93.9 39.3  1.815 1.175 29.0 28.9 48.8  -0.92 17.9 
H 1.847 1.171 29.1 26.0 50.3  1.860 1.168 30.0 24.6 52.4  -1.02 9.8 
NH2 1.870 1.169 19.1 23.4 51.8  1.832 1.177 18.0 25.9 45.2  -0.73 12.7 
N(CH3)2 1.813 1.187 15.7 30.0 37.2  1.815 1.185 14.6 28.2 38.0  -0.63 12.2 
N=CCl2 1.918 1.158 23.3 19.1 65.9  1.868 1.167 22.6 21.7 53.9  -0.79 10.6 
NHCN 1.893 1.165 21.2 19.2 54.7  1.878 1.167 19.5 21.4 53.2  -0.77 11.3 
N=C=O 1.858 1.167 26.2 24.9 58.3  1.857 1.168 24.2 24.2 54.8  -0.81 13.5 
NHCOCH3 1.760 1.197 21.2 41.2 37.7  1.851 1.172 21.9 24.8 48.2  -0.79 11.3 
NHCONH2 1.909 1.165 19.3 19.3 55.0  1.872 1.170 17.5 21.5 49.4  -0.74 11.4 
NHCOOCH3 1.865 1.171 23.2 23.9 49.5  1.850 1.173 21.4 24.6 47.5  -0.79 13.0 
PBE0/aug-pc-1 calculations of substituted R–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   α–β S spin* cis–trans 
N=C=S 1.888 1.163 21.9 22.1 62.6  1.871 1.166 20.1 22.6 57.0  -0.67 12.6 
NHCSCH3 1.899 1.165 19.0 21.1 55.6  1.878 1.168 17.3 21.7 52.0  -0.68 11.4 
NHCSNH2 1.934 1.160 17.9 17.6 60.3  1.891 1.166 16.0 20.1 53.3  -0.68 10.5 
N(CH3)SO2CH3 1.822 1.182 19.6 29.6 41.6  1.828 1.179 18.5 25.8 42.2  -0.72 12.6 
NHNH2 1.885 1.168 16.7 21.0 52.8  1.842 1.175 15.8 25.1 47.1  -0.68 11.4 
N=NCF3 1.985 1.147 16.0 14.2 78.8  1.895 1.159 17.0 19.1 60.7  -0.56 8.5 
NNCN 2.025 1.141 15.7 11.7 87.5  1.921 1.154 16.2 16.9 66.3  -0.57 7.6 
N3 1.855 1.171 23.3 22.4 51.3  1.868 1.168 21.0 23.2 52.9  -0.76 10.5 
NHNO2 1.898 1.165 21.6 20.5 54.2  1.888 1.163 19.6 20.2 56.7  -0.78 9.5 
NO 1.948 1.154 8.4 13.4 68.2  1.878 1.162 11.3 21.4 58.4  -0.28 8.2 
NO2 1.984 1.144 24.2 16.0 84.1  1.916 1.157 25.1 18.8 64.2  -0.90 6.1 
NHSO2CH3 1.887 1.166 21.7 16.0 53.2  1.881 1.166 19.9 17.9 53.3  -0.78 11.9 
NHSO2CF3 1.894 1.165 23.4 20.0 55.0  1.884 1.164 21.4 17.9 55.0  -0.82 12.0 
N(SO2CH3)2 1.879 1.166 23.4 21.0 53.9  1.856 1.170 21.8 22.3 49.3  -0.81 12.2 
OH 1.788 1.184 26.5 18.7 41.0  1.810 1.180 24.2 28.0 43.3  -0.85 15.5 
OCH3 1.793 1.183 25.3 22.0 41.4  1.806 1.182 23.7 29.4 42.6  -0.81 14.8 
OCH2CH3 1.790 1.184 25.6 28.7 40.9  1.803 1.183 24.0 29.1 41.9  -0.81 15.0 
OCH2Cl 1.819 1.177 25.1 20.6 45.7  1.825 1.176 23.7 26.1 46.4  -0.83 13.4 
OCHCl2 1.825 1.175 26.3 24.3 48.0  1.837 1.173 24.8 24.9 49.3  -0.86 13.4 
OCCl3 1.846 1.167 27.0 23.8 54.2  1.860 1.168 25.7 23.3 53.9  -0.88 13.1 
OCH2F 1.805 1.180 26.9 21.4 44.0  1.818 1.178 25.2 28.2 45.2  -0.86 14.6 
OCHF2 1.825 1.175 26.4 17.8 47.5  1.835 1.173 24.8 26.0 48.6  -0.87 13.7 
OCF2CF3 1.853 1.167 27.9 23.7 54.7  1.859 1.167 26.4 22.7 53.9  -0.90 12.9 
OCF3 1.850 1.167 27.4 22.8 54.0  1.856 1.168 26.0 23.7 53.3  -0.89 12.9 
OCN 1.880 1.161 27.4 20.8 60.8  1.882 1.161 25.9 21.4 61.5  -0.88 11.6 
OCOCH3 1.803 1.178 30.2 30.9 45.4  1.825 1.174 27.8 26.6 48.2  -0.89 15.7 
PBE0/aug-pc-1 calculations of substituted R–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   α–β S spin* cis–trans 
ONO2 1.871 1.168 24.1 21.2 53.2  1.856 1.168 22.3 21.2 52.5  -0.84 12.9 
OS(=O)CH3 1.791 1.184 27.4 NA 40.8  1.817 1.178 25.0 27.8 44.7  -0.86 15.4 
OSO2CH3 1.779 1.183 28.0 31.8 40.7  1.817 1.178 25.9 22.7 45.2  -0.88 14.1 
OSO2CF3 1.851 1.166 27.3 23.8 54.0  1.857 1.167 25.8 20.5 54.2  -0.89 12.5 
PCC 1.903 1.163 15.6 22.8 61.4  1.881 1.167 16.3 23.1 55.0  -0.48 8.6 
PCl2 1.919 1.160 18.6 18.0 65.4  1.936 1.155 20.0 18.7 68.6  -0.44 7.9 
PF2 1.957 1.153 20.2 16.8 72.7  1.935 1.155 22.8 19.0 67.9  -0.45 7.7 
PF4 2.036 1.135 23.0 13.2 99.6  1.992 1.147 24.3 12.9 75.4  -0.97 3.6 
P(O)Cl2 2.003 1.142 29.9 16.1 87.3  1.984 1.146 30.5 15.2 76.3  -0.94 4.8 
POF2 2.016 1.140 27.0 15.1 98.0  2.001 1.143 27.7 14.2 80.1  -0.91 4.9 
SH 1.909 1.162 20.1 19.8 60.0  1.898 1.165 17.7 19.7 57.1  -0.72 10.7 
SCH3 1.913 1.163 17.8 18.3 58.0  1.893 1.167 15.7 20.3 55.0  -0.65 10.2 
SCCH 1.929 1.158 19.3 18.6 64.0  1.912 1.162 17.2 18.9 60.4  -0.67 9.4 
SCH2F 1.916 1.162 19.9 18.4 59.9  1.901 1.165 17.9 19.5 57.3  -0.71 10.3 
SCHF2 1.942 1.156 20.6 17.4 66.1  1.920 1.161 18.6 18.1 61.5  -0.72 9.8 
SCF2CF3 1.955 1.154 20.4 16.2 68.5  1.928 1.158 18.4 17.3 63.6  -0.72 9.6 
SCF3 1.959 1.153 20.2 16.1 69.2  1.930 1.158 18.2 17.2 63.9  -0.72 9.4 
SCl 2.035 1.146 14.2 10.2 78.0  1.960 1.155 11.8 13.8 67.5  -0.73 7.8 
SCN 1.963 1.151 21.3 16.0 72.0  1.944 1.155 19.2 16.6 68.6  -0.73 9.1 
SCOCH3 1.913 1.160 22.1 19.9 61.6  1.906 1.162 19.7 19.6 59.6  -0.75 10.8 
SCOCF3 1.943 1.154 23.1 16.9 68.8  1.933 1.156 20.8 17.8 66.3  -0.60 10.2 
SiBr3 1.958 1.151 26.7 NA NA  1.960 1.151 27.4 19.0 74.0  -0.67 5.1 
SiCHCl2 1.947 1.153 27.4 20.0 73.5  1.937 1.157 28.3 18.0 67.3  -0.47 5.2 
SiCHF2 1.954 1.151 27.8 19.5 74.7  1.978 1.151 28.9 17.5 69.2  -0.51 5.1 
SiCl3 1.962 1.150 27.5 19.1 77.2  1.965 1.150 28.3 16.5 71.6  -0.55 5.2 
SiF3 1.979 1.147 28.3 17.9 NA  1.985 1.146 29.5 15.7 NA  -0.96 5.0 
PBE0/aug-pc-1 calculations of substituted R–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   α–β S spin* cis–trans 
SN(CH3)2 1.903 1.164 13.1 20.0 55.8  1.884 1.169 11.7 21.2 53.2  -0.47 9.2 
SOCH3 1.836 1.177 19.4 24.4 48.9  1.891 1.162 21.7 22.0 59.6  -0.92 8.8 
SOCHF2 1.931 1.156 21.7 19.9 69.2  1.926 1.155 22.7 19.7 67.7  -0.92 8.2 
SOCF3 1.924 1.157 22.8 20.2 67.1  1.923 1.156 23.8 19.6 66.3  -0.92 8.3 
SOF 1.921 1.159 27.7 17.6 65.9  1.919 1.156 29.2 20.0 66.2  -0.92 7.1 
SO2 1.888 1.164 26.5 22.2 58.8  1.892 1.162 27.4 21.7 59.4  -0.92 7.1 
SO2CH3 1.918 1.157 26.1 15.5 66.3  1.919 1.158 26.9 19.3 63.3  -0.92 6.2 
SO2Et 1.916 1.158 26.2 17.9 65.8  1.915 1.159 27.0 19.7 62.3  -0.93 6.3 
SO2CHF2 2.036 1.136 26.7 13.2 97.2  1.990 1.145 27.4 14.9 79.2  -0.92 5.0 
SO2CF2CF3 2.049 1.134 27.1 12.8 100.3  2.003 1.143 27.8 14.2 82.6  -0.91 4.8 
SO2CF3 2.051 1.134 26.9 12.6 101.2  2.001 1.143 27.6 14.2 82.3  -0.89 4.8 
SO2Cl 2.035 1.136 30.7 13.5 97.6  1.997 1.143 30.8 14.2 82.1  NA 4.4 
SO2CN 2.081 1.130 27.1 11.6 110.0  2.025 1.139 27.7 13.0 88.9  -0.95 4.2 
SO2F 2.054 1.133 27.6 12.7 103.2  2.010 1.141 27.8 13.7 85.1  -0.98 4.4 
SO2NH2 1.926 1.155 27.4 19.2 69.4  1.926 1.156 27.3 18.4 64.8  -0.95 5.8 
SO2NMe2 1.942 1.153 26.7 18.4 72.0  1.922 1.157 26.8 18.5 63.5  -0.98 5.9 
PBE0/aug-pc-1 calculations of substituted R–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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Table A-2. Selected geometrical parameters (bond lengths in Å), energetic parameters (BDE and cis-trans isomerization in kcal/mol and zero point corrected), 
and NBO interaction energies (∆Eij(2) estimates in kcal/mol) from gas phase calculations of substituted R–CH2–SNOs. 
 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans 
BF2 1.820 1.178 34.6 33.1 46.7  1.83 1.17 32.7 29.1 48.5  -0.97 14.2 
B(OH)2 1.832 1.177 33.7 30.9 47.8  1.84 1.17 32.2 27.9 48.0  -0.96 13.6 
Br 1.854 1.172 32.3 26.1 52.7  1.85 1.17 31.7 24.6 51.6  -0.97 12.1 
CH3 1.816 1.181 33.7 33.5 45.6  1.82 1.18 33.0 30.4 45.5  -0.97 13.3 
CH2Br 1.832 1.177 33.0 30.7 48.5  1.84 1.17 32.3 27.3 48.8  -0.97 12.5 
CHBr2 1.851 1.171 32.4 28.3 52.3  1.84 1.17 32.4 27.3 49.0  -0.97 13.1 
CBr3 1.844 1.173 32.6 29.3 50.6  1.85 1.17 32.1 26.0 51.0  -0.97 12.6 
CCH 1.823 1.178 33.8 31.8 47.1  1.83 1.17 33.0 29.1 48.1  -0.97 12.6 
CH2CF3 1.826 1.179 33.5 31.6 47.7  1.84 1.17 32.6 28.0 48.6  -0.97 13.2 
CH2Cl 1.833 1.177 33.0 30.6 48.7  1.84 1.17 32.3 27.3 48.8  -0.97 12.5 
CHCl2 1.853 1.171 32.6 28.1 52.7  1.84 1.17 32.5 27.3 49.1  -0.98 12.9 
CCl3 1.845 1.173 32.9 29.1 51.0  1.85 1.17 32.4 26.0 51.1  -0.98 13.2 
CClF2 1.847 1.173 33.4 28.6 51.3  1.85 1.17 32.7 25.9 51.4  -0.98 12.7 
CH2CN 1.834 1.177 33.0 30.5 49.0  1.84 1.17 32.3 27.1 50.1  -0.97 12.9 
CH(CN)2 1.842 1.176 32.9 29.8 50.1  1.88 1.16 32.2 22.5 57.9  -0.98 12.5 
CH2CONH2 1.810 1.183 33.9 33.7 44.5  1.82 1.18 33.0 30.1 45.1  -0.97 13.6 
CH2F 1.820 1.180 34.1 33.4 45.8  1.83 1.17 33.2 29.7 46.2  -0.98 13.8 
CHF2 1.836 1.176 33.5 30.8 48.7  1.84 1.17 32.7 27.5 49.1  -0.98 13.3 
CF2CF3 1.845 1.173 33.8 28.8 51.1  1.85 1.17 32.9 26.0 51.6  -0.98 13.0 
CF3 1.847 1.173 33.5 28.7 51.3  1.85 1.17 32.7 26.1 51.6  -0.98 12.9 
CH2I 1.831 1.177 33.0 19.3 NA  1.84 1.17 32.3 24.2 53.1  -0.98 12.7 
CHI2 1.834 1.177 32.6 24.2 NA  1.84 1.17 32.1 19.3 58.7  -0.96 13.0 
Cl 1.856 1.171 32.1 26.4 45.6  1.85 1.17 31.7 25.3 51.6  -0.97 12.0 
CN 1.843 1.173 33.5 29.3 51.0  1.86 1.17 32.6 26.2 53.2  -0.98 12.3 
CH=NOCH3 1.824 1.179 34.0 32.5 46.6  1.83 1.17 33.2 28.9 47.2  -0.98 13.9 
PBE0/aug-pc-1 calculations of substituted R–CH2–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans 
CH2OH 1.850 1.173 32.6 28.8 51.3  1.84 1.17 32.1 27.2 49.2  -0.97 12.4 
COCH3 1.827 1.178 34.0 32.3 47.0  1.84 1.17 32.6 27.7 48.7  -0.95 14.3 
COCF3 1.833 1.175 34.3 30.3 48.8  1.85 1.17 33.2 27.7 50.9  -0.98 13.5 
COCl 1.840 1.174 33.8 29.6 50.0  1.85 1.17 32.9 27.1 51.3  -0.98 13.1 
COF 1.842 1.173 33.9 28.7 50.5  1.86 1.17 32.6 25.5 53.0  -0.98 13.2 
CONH2 1.782 1.191 31.7 NA 39.9  1.85 1.17 31.5 26.1 50.5  -0.96 11.2 
CONHCH3 1.784 1.190 31.6 NA 39.6  1.85 1.17 31.5 26.2 50.0  -0.96 11.1 
COOH 1.832 1.176 34.1 30.2 48.6  1.83 1.17 32.8 29.0 48.7  -0.98 13.5 
CO2CH3 1.830 1.176 34.2 30.6 48.3  1.84 1.17 32.8 27.5 49.1  -0.98 13.6 
CH2SCN 1.826 1.179 33.3 31.4 47.4  1.84 1.17 32.4 27.3 48.8  -0.97 13.0 
CSNH2 1.780 1.191 30.6 NA 39.0  1.86 1.17 30.5 25.2 51.5  -0.93 10.5 
CSNHCH3 1.815 1.182 33.7 33.0 45.5  1.83 1.18 32.8 29.1 46.2  -0.97 13.4 
CH2SO2CF3 1.830 1.178 33.5 30.6 48.3  1.85 1.17 32.6 26.3 50.5  -0.97 13.0 
F 1.867 1.170 30.8 25.6 53.4  1.85 1.17 31.2 25.4 51.3  -0.97 11.5 
H 1.820 1.179 34.0 33.4 46.4  1.82 1.18 32.9 30.1 46.4  -0.97 13.9 
NH2 1.806 1.186 33.3 30.9 42.9  1.82 1.18 33.0 30.1 45.8  -0.98 11.4 
N(CH3)2 1.816 1.181 33.3 32.6 44.7  1.82 1.18 33.3 29.0 44.8  -0.98 11.2 
N=CCl2 1.845 1.173 32.6 27.8 50.8  1.85 1.17 32.2 26.4 50.4  -0.97 12.5 
NHCN 1.812 1.184 33.0 31.3 43.8  1.84 1.17 32.6 27.7 49.5  -0.98 12.2 
N=C=O 1.838 1.176 32.0 29.6 49.0  1.85 1.17 31.8 26.7 50.5  -0.97 10.9 
NHCOCH3 1.792 1.189 33.6 34.6 40.4  1.82 1.18 33.0 30.2 45.1  -0.97 13.0 
NHCONH2 1.788 1.190 33.8 34.9 39.7  1.833 1.173 33.4 30.8 43.9  -0.97 12.9 
NHCOOCH3 1.798 1.187 33.6 33.9 41.3  1.836 1.173 33.2 30.0 45.6  -0.98 12.7 
N=C=S 1.850 1.173 32.2 27.4 51.6  1.852 1.168 32.0 26.0 51.8  -0.96 11.1 
NHCSCH3 1.793 1.189 29.0 36.2 40.5  1.822 1.176 28.4 30.0 44.0  -0.70 13.7 
NHCSNH2 1.787 1.191 30.1 36.5 39.2  1.840 1.172 29.5 30.6 43.3  -0.73 13.7 
PBE0/aug-pc-1 calculations of substituted R–CH2–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans 
N(CH3)SO2CH3 1.836 1.177 32.7 30.0 48.5  1.842 1.171 32.7 26.8 48.8  -0.98 12.5 
NHNH2 1.820 1.182 32.7 31.1 45.1  1.852 1.169 32.5 28.7 46.1  -0.97 11.7 
N=NCF3 1.853 1.171 32.8 26.2 51.9  1.833 1.173 32.1 25.0 52.7  -0.98 12.0 
NNCN 1.857 1.170 32.7 24.7 52.7  1.837 1.172 31.9 24.1 54.4  -0.98 11.8 
N3 1.845 1.175 32.3 29.5 50.0  1.840 1.172 32.3 27.0 50.4  -0.97 12.5 
NHNO2 1.814 1.183 33.1 32.6 44.0  1.843 1.171 32.7 27.3 48.7  -0.98 12.2 
NO 1.852 1.171 32.7 25.9 51.6  1.852 1.169 31.6 24.7 53.1  -0.96 12.4 
NO2 1.871 1.167 32.8 24.8 55.3  1.853 1.168 32.3 23.6 55.7  -0.98 11.9 
NHSO2CH3 1.813 1.183 32.9 29.5 44.1  1.844 1.170 32.6 29.3 45.5  -0.97 11.6 
NHSO2CF3 1.810 1.184 32.8 29.1 43.7  1.879 1.162 32.7 27.2 50.1  -0.97 12.5 
N(SO2CH3)2 1.858 1.171 31.7 27.7 52.4  1.821 1.177 31.8 25.1 49.9  -0.98 11.7 
OH 1.797 1.188 31.7 29.5 40.8  1.828 1.175 31.9 29.1 47.0  -0.96 12.6 
OCH3 1.830 1.178 31.9 29.7 46.6  1.842 1.171 32.3 28.4 46.2  -0.97 11.8 
OCH2CH3 1.827 1.179 32.2 31.8 46.3  1.853 1.168 32.4 27.8 46.0  -0.97 12.7 
OCH2Cl 1.860 1.171 31.3 26.6 52.7  1.852 1.168 31.3 25.6 50.6  -0.97 10.8 
OCHCl2 1.862 1.170 31.4 26.7 53.4  1.839 1.172 31.7 27.0 49.0  -0.96 10.9 
OCCl3 1.854 1.172 31.7 28.0 51.4  1.844 1.171 31.9 26.0 50.6  -0.96 11.4 
OCH2F 1.857 1.172 31.5 26.9 52.3  1.852 1.168 31.7 26.5 49.4  -0.97 11.2 
OCHF2 1.844 1.175 32.2 29.4 49.6  1.856 1.167 32.4 27.5 48.7  -0.97 11.7 
OCF2CF3 1.870 1.168 31.6 25.5 54.8  1.831 1.174 32.1 26.0 51.4  -0.97 11.9 
OCF3 1.862 1.170 31.6 26.6 53.1  1.843 1.172 32.1 26.1 51.1  -0.97 12.0 
OCN 1.905 1.162 30.9 22.4 60.9  1.838 1.172 31.5 21.3 60.1  -0.97 11.1 
OCOCH3 1.838 1.176 32.0 29.9 47.9  1.846 1.169 32.1 27.6 46.5  -0.97 11.5 
ONO2 1.860 1.171 31.8 26.8 52.1  1.849 1.168 31.8 24.9 51.2  -0.97 10.7 
OS(=O)CH3 1.852 1.173 31.8 28.1 51.5  1.857 1.167 32.1 NA NA  -0.97 10.6 
OSO2CH3 1.864 1.170 31.3 26.4 53.2  1.848 1.170 31.4 25.1 51.0  -0.97 10.7 
PBE0/aug-pc-1 calculations of substituted R–CH2–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans 
OSO2CF3 1.865 1.170 31.5 26.4 53.1  1.850 1.170 31.7 24.8 52.7  -0.97 10.7 
PCC 1.815 1.181 35.3 33.6 45.8  1.835 1.172 33.8 28.7 46.1  -0.94 14.4 
PCl2 1.859 1.170 35.9 27.3 54.1  1.839 1.171 34.9 24.1 54.4  -0.94 13.1 
PF2 1.824 1.178 34.1 31.7 47.6  1.840 1.172 32.6 27.4 49.3  -0.93 14.4 
PF4 1.842 1.174 36.7 28.9 50.5  1.857 1.168 35.5 25.9 51.1  -0.96 13.3 
P(O)Cl2 1.851 1.171 36.8 28.1 52.2  1.827 1.176 35.6 24.3 53.9  -0.96 13.3 
POF2 1.850 1.172 33.8 28.4 52.3  1.847 1.170 32.5 24.7 54.5  -0.98 13.3 
SH 1.835 1.176 32.5 28.7 49.4  1.854 1.168 31.8 28.7 48.0  -0.86 14.1 
SCH3 1.821 1.180 32.4 31.7 46.5  1.824 1.175 32.0 28.1 46.8  -0.81 13.6 
SCCH 1.832 1.177 33.9 29.1 48.6  1.822 1.176 33.3 26.7 50.9  -0.86 13.3 
SCH2F 1.840 1.175 33.1 28.5 50.4  1.821 1.177 32.6 26.3 49.7  -0.97 12.4 
SCHF2 1.823 1.179 34.1 32.2 46.8  1.847 1.170 33.2 28.5 47.7  -0.97 13.4 
SCF2CF3 1.831 1.177 34.8 31.3 48.0  1.842 1.171 33.9 27.4 49.5  -0.90 13.1 
SCF3 1.832 1.177 34.9 30.9 48.4  1.847 1.170 34.0 27.6 49.5  -0.91 12.9 
SCl 1.876 1.167 32.3 23.7 56.6  1.822 1.176 31.8 22.7 55.0  -0.98 10.5 
SCN 1.844 1.175 34.9 27.9 50.7  1.818 1.178 34.2 23.4 57.2  -0.91 12.8 
SCOCH3 1.815 1.181 34.7 31.9 45.0  1.824 1.176 33.8 28.4 45.3  -0.91 13.0 
SCOCF3 1.828 1.178 35.3 30.1 47.4  1.854 1.168 34.3 26.5 48.6  -0.93 12.7 
SiBr3 1.833 1.176 33.8 30.9 49.1  1.822 1.177 32.1 26.5 50.7  -0.94 14.5 
SiCHCl2 1.824 1.179 33.5 32.6 47.1  1.818 1.178 31.3 26.8 50.8  -0.93 14.0 
SiCHF2 1.825 1.178 33.5 32.0 47.3  1.839 1.172 31.6 28.3 49.3  -0.93 13.9 
SiCl3 1.834 1.176 33.8 30.9 49.3  1.829 1.175 32.1 26.4 50.9  -0.94 14.5 
SiF3 1.835 1.175 33.8 NA 55.9  1.859 1.167 31.9 28.7 51.2  -0.95 13.8 
SN(CH3)2 1.810 1.184 31.2 33.9 44.5  1.867 1.165 30.6 18.4 48.7  -0.79 13.2 
SOCH3 1.823 1.180 33.8 32.6 46.3  1.848 1.170 32.8 19.9 60.2  -0.98 13.8 
SOCHF2 1.877 1.166 36.3 24.2 58.0  1.842 1.171 35.8 19.6 61.8  -0.91 11.6 
PBE0/aug-pc-1 calculations of substituted R–CH2–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans 
SOCF3 1.885 1.164 36.6 23.9 59.2  1.861 1.166 35.7 24.2 53.5  -0.93 11.2 
SOF 1.851 1.172 37.0 27.0 52.1  1.872 1.163 36.1 23.5 54.3  -0.94 13.1 
SO2 1.893 1.162 37.1 22.0 60.5  1.827 1.175 36.8 17.2 66.1  -0.89 9.7 
SO2CH3 1.839 1.176 33.2 30.2 49.3  1.845 1.170 32.4 25.1 50.5  -0.98 13.4 
SO2Et 1.835 1.177 33.2 30.2 48.4  1.850 1.170 32.4 24.5 49.7  -0.98 13.3 
SO2CHF2 1.865 1.169 33.5 26.3 55.0  1.831 1.174 32.6 23.0 56.3  -0.98 12.2 
SO2CF2CF3 1.878 1.166 33.3 24.7 57.7  1.828 1.175 32.2 22.5 56.8  -0.98 11.6 
SO2CF3 1.874 1.167 33.4 25.2 56.9  1.827 1.175 32.5 22.0 58.6  -0.98 11.8 
SO2Cl 1.883 1.165 32.7 23.8 58.1  1.852 1.169 32.1 21.3 58.7  -0.98 11.3 
SO2CN 1.895 1.162 32.5 22.6 60.7  1.843 1.171 32.2 20.8 61.7  -0.98 10.7 
SO2F 1.874 1.167 33.1 24.7 56.5  1.850 1.169 32.4 22.0 58.0  -0.98 12.0 
SO2NH2 1.855 1.171 33.2 27.5 52.6  1.844 1.171 32.4 22.7 55.0  -0.98 12.7 
SO2NMe2 1.836 1.176 34.0 28.9 48.8  1.840 1.171 33.0 21.0 48.1  -0.98 13.0 
PBE0/aug-pc-1 calculations of substituted R–CH2–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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Table A-3. Selected geometrical parameters (bond lengths in Å), energetic parameters (BDE and cis-trans isomerization in kcal/mol and zero point corrected), 
and NBO interaction energies (∆Eij(2) estimates in kcal/mol) from gas phase calculations of substituted para-R–C6H4–SNOs. 
 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σp 
BF2 1.889 1.165 27.1 25.9 59.5  1.873 1.167 26.5 21.0 53.3  -0.78 10.2 0.48 
B(OH)2 1.882 1.167 27.5 26.5 57.5  1.865 1.169 26.8 22.7 51.4  -0.81 10.4 0.12 
Br 1.886 1.166 27.0 25.9 57.9  1.873 1.168 26.1 24.4 52.2  -0.80 10.4 0.23 
CH3 1.876 1.168 26.9 26.9 55.6  1.862 1.171 26.0 25.8 49.7  -0.80 10.7 -0.17 
CH2Br 1.881 1.167 26.4 26.5 57.2  1.868 1.169 25.6 23.4 51.6  -0.76 10.5 0.14 
CHBr2 1.888 1.165 26.5 25.8 58.7  1.871 1.168 25.7 22.3 52.6  -0.76 10.3 0.32 
CBr3 1.890 1.165 26.6 25.7 59.1  1.874 1.167 25.9 21.9 53.3  -0.76 10.2 0.29 
CCH 1.885 1.166 25.7 26.0 57.9  1.871 1.169 24.9 23.1 52.1  -0.73 10.3 0.23 
CH2CF3 1.880 1.167 27.5 26.6 56.9  1.867 1.169 26.7 23.6 51.4  -0.81 10.5 0.09 
CH2Cl 1.881 1.167 27.5 26.5 57.2  1.867 1.169 26.6 23.3 51.6  -0.81 10.5 0.12 
CHCl2 1.888 1.165 27.5 25.8 58.7  1.872 1.168 26.8 22.4 52.8  -0.82 10.3 0.32 
CCl3 1.890 1.165 27.7 25.7 59.2  1.873 1.167 26.9 21.8 53.2  -0.80 10.2 0.46 
CClF2 1.890 1.165 27.8 25.6 59.4  1.875 1.167 27.1 21.7 53.4  -0.81 10.2 0.46 
CH2CN 1.883 1.167 27.4 26.2 57.5  1.869 1.169 26.6 23.4 51.9  -0.81 10.4 0.18 
CH(CN)2 1.887 1.166 27.9 25.9 58.6  1.876 1.167 27.2 21.8 53.7  -0.81 10.3 0.52 
CH2CONH2 1.876 1.168 27.5 27.1 55.8  1.868 1.169 26.5 25.0 51.2  -0.82 10.8 0.07 
CH2F 1.879 1.168 27.2 26.6 56.4  1.866 1.170 26.3 25.2 50.7  -0.80 10.5 0.11 
CHF2 1.882 1.166 27.7 26.3 57.6  1.869 1.168 27.0 22.7 52.2  -0.82 10.4 0.32 
CF2CF3 1.889 1.165 28.0 25.7 59.3  1.875 1.167 27.3 21.1 53.5  -0.82 10.3 0.52 
CF3 1.891 1.165 27.2 25.6 59.5  1.875 1.167 26.5 21.6 53.5  -0.78 10.2 0.54 
CH2I 1.882 1.167 27.1 26.4 57.1  1.868 1.169 26.3 23.3 51.6  -0.80 10.5 0.11 
CHI2 1.888 1.166 27.1 25.8 58.5  1.872 1.168 26.3 22.4 52.6  -0.80 10.3 0.26 
Cl 1.885 1.166 26.9 25.9 57.7  1.873 1.168 26.0 24.7 52.1  -0.77 10.4 0.23 
CN 1.897 1.163 26.8 25.1 60.9  1.881 1.165 26.1 20.9 54.9  -0.77 10.1 0.66 
CH=NOCH3 1.883 1.167 26.4 26.2 57.3  1.868 1.169 25.5 23.3 51.5  -0.80 10.4 0.3 
PBE0/aug-pc-1 calculations of substituted para-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σp 
CH2OH 1.877 1.168 27.2 26.8 55.9  1.864 1.170 26.3 25.1 50.4  -0.76 10.6 0 
COCH3 1.888 1.165 26.8 25.9 59.0  1.871 1.168 26.2 21.6 52.6  -0.77 10.3 0.5 
COCF3 1.898 1.163 27.2 25.0 61.6  1.881 1.165 26.8 20.3 55.0  -0.77 10.0 0.8 
COCl 1.898 1.163 27.2 25.1 61.4  1.881 1.165 26.7 20.2 54.9  -0.78 10.0 0.61 
COF 1.896 1.163 27.2 25.2 61.1  1.880 1.165 26.7 20.5 54.6  -0.77 10.0 0.7 
CONH2 1.882 1.167 26.8 26.3 58.0  1.867 1.169 26.1 22.2 52.1  -0.76 10.4 0.36 
CONHCH3 1.884 1.166 26.7 26.4 57.6  1.869 1.169 25.9 22.4 51.6  -0.77 10.5 0.36 
COOH 1.889 1.165 27.0 25.8 59.4  1.871 1.168 26.3 21.4 52.9  -0.77 10.2 0.45 
CO2CH3 1.887 1.165 26.9 26.0 58.8  1.870 1.168 26.2 21.9 52.4  -0.81 10.3 0.45 
CH2SCN 1.881 1.167 27.6 26.5 57.2  1.868 1.169 26.8 23.1 51.7  -0.80 10.6 0.14 
CSNH2 1.884 1.166 27.3 26.3 57.9  1.869 1.168 26.6 22.0 52.2  -0.79 10.3 0.3 
CSNHCH3 1.880 1.167 27.1 26.5 56.6  1.867 1.170 26.2 24.8 50.9  -0.81 10.5 0.34 
CH2SO2CF3 1.884 1.166 27.7 26.2 58.0  1.871 1.168 26.9 21.7 52.6  -0.80 10.4 0.31 
F 1.881 1.167 26.7 26.2 56.6  1.869 1.169 25.8 25.0 51.2  -0.80 10.5 0.06 
H 1.878 1.168 26.3 26.7 56.5  1.865 1.170 25.5 25.3 50.7  -0.77 10.5 0 
NH2 1.874 1.170 24.6 26.8 53.9  1.862 1.171 23.6 26.2 48.0  -0.73 10.6 -0.66 
N(CH3)2 1.871 1.171 24.2 27.2 52.9  1.855 1.174 23.3 26.5 47.1  -0.71 10.7 -0.83 
N=CCl2 1.883 1.167 26.7 26.1 57.1  1.871 1.169 25.8 25.0 51.4  -0.79 10.4 0.13 
NHCN 1.883 1.167 26.1 26.0 56.6  1.871 1.169 25.2 24.9 51.3  -0.78 10.3 0.06 
N=C=O 1.885 1.167 26.5 25.9 57.4  1.872 1.169 25.6 24.8 51.8  -0.79 10.4 0.19 
NHCOCH3 1.878 1.168 25.9 26.6 55.6  1.864 1.171 25.0 25.6 49.8  -0.77 10.5 0 
NHCONH2 1.875 1.169 25.8 26.8 54.9  1.861 1.172 24.9 25.9 49.1  -0.76 10.5 -0.24 
NHCOOCH3 1.877 1.169 25.8 26.6 55.3  1.863 1.171 25.0 25.7 49.5  -0.77 10.5 -0.17 
N=C=S 1.889 1.166 26.5 25.6 58.3  1.874 1.168 25.6 23.6 52.6  -0.78 10.3 0.38 
NHCSCH3 1.881 1.167 26.1 26.3 56.5  1.869 1.170 25.2 25.2 50.9  -0.77 10.4 0.12 
NHCSNH2 1.882 1.167 26.5 26.2 56.7  1.871 1.169 25.6 23.4 52.1  -0.78 10.4 0.16 
PBE0/aug-pc-1 calculations of substituted para-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σp 
N(CH3)SO2CH3 1.877 1.168 26.8 26.8 55.7  1.867 1.170 25.9 25.1 50.7  -0.78 10.6 0.24 
NHNH2 1.870 1.171 24.7 27.3 52.9  1.854 1.174 23.8 26.6 47.2  -0.73 10.7 -0.55 
N=NCF3 1.898 1.163 26.5 25.1 61.3  1.882 1.165 26.0 20.3 55.0  -0.75 10.0 0.68 
NNCN 1.906 1.161 26.0 24.5 63.1  1.888 1.163 25.7 19.3 56.5  -0.73 9.8 1.03 
N3 1.883 1.167 26.1 26.1 56.7  1.871 1.169 25.1 25.0 51.3  -0.77 10.4 0.08 
NHNO2 1.887 1.166 26.8 25.8 57.9  1.872 1.168 26.0 23.3 52.4  -0.79 10.4 0.57 
NO 1.900 1.162 26.7 25.0 61.8  1.882 1.165 26.3 20.0 55.2  -0.75 10.0 0.91 
NO2 1.899 1.163 27.2 25.0 61.6  1.882 1.165 26.7 20.3 55.2  -0.78 10.0 0.78 
NHSO2CH3 1.877 1.169 26.6 26.8 55.4  1.868 1.170 25.6 25.3 50.7  -0.78 10.6 0.03 
NHSO2CF3 1.885 1.166 27.1 25.9 57.7  1.872 1.168 26.2 23.2 52.5  -0.80 10.4 0.39 
N(SO2CH3)2 1.886 1.166 27.7 26.0 58.3  1.873 1.168 26.9 21.6 52.9  -0.81 10.3 0.49 
OH 1.876 1.169 25.7 26.7 54.8  1.862 1.172 24.8 25.7 49.2  -0.77 10.6 -0.37 
OCH3 1.874 1.169 25.7 26.8 54.5  1.860 1.172 24.8 25.9 48.8  -0.77 10.6 -0.27 
OCH2CH3 1.874 1.169 25.7 26.9 54.4  1.859 1.172 24.8 26.0 48.6  -0.76 10.6 -0.24 
OCH2Cl 1.877 1.168 26.4 26.7 55.5  1.865 1.170 25.5 25.5 50.1  -0.78 10.6 0.08 
OCHCl2 1.883 1.167 28.3 26.2 57.3  1.871 1.168 26.5 23.1 52.4  -0.81 11.3 0.26 
OCCl3 1.884 1.166 27.6 26.0 57.9  1.873 1.168 26.8 23.6 52.6  -0.81 10.4 0.35 
OCH2F 1.876 1.169 26.4 26.8 55.3  1.864 1.171 25.5 25.5 50.0  -0.79 10.6 0.02 
OCHF2 1.881 1.167 26.7 26.3 56.5  1.870 1.169 25.8 25.0 51.2  -0.80 10.5 0.18 
OCF2CF3 1.885 1.166 27.6 26.0 58.0  1.873 1.168 26.7 22.7 52.8  -0.82 10.3 0.28 
OCF3 1.885 1.167 26.8 25.9 57.4  1.872 1.169 25.9 24.8 51.8  -0.80 10.4 0.35 
OCN 1.889 1.165 27.1 25.4 58.6  1.879 1.167 26.2 24.2 53.4  -0.81 10.3 0.54 
OCOCH3 1.878 1.168 27.0 26.6 56.1  1.866 1.170 26.1 25.4 50.5  -0.80 10.6 0.31 
ONO2 1.888 1.165 27.7 25.7 58.8  1.875 1.167 26.8 22.4 53.3  -0.81 10.3 0.7 
OS(=O)CH3 1.877 1.168 26.6 26.6 55.7  1.866 1.170 25.7 25.5 50.3  -0.79 10.5 0.45 
OSO2CH3 1.880 1.167 27.4 26.5 56.8  1.868 1.169 26.6 24.5 51.3  -0.81 10.5 0.36 
PBE0/aug-pc-1 calculations of substituted para-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σp 
OSO2CF3 1.888 1.165 27.6 25.7 58.6  1.875 1.167 26.7 22.3 53.2  -0.81 10.3 0.53 
PCC 1.877 1.168 26.8 26.8 56.0  1.864 1.170 25.8 23.3 51.0  -0.76 10.7 0.06 
PCl2 1.893 1.164 27.1 25.4 60.2  1.877 1.166 26.5 21.2 54.1  -0.77 10.1 0.61 
PF2 1.893 1.164 27.2 25.4 60.2  1.877 1.166 26.6 21.1 54.0  -0.78 10.2 0.59 
PF4 1.900 1.162 27.8 25.0 62.2  1.883 1.164 27.4 19.7 55.5  -0.79 9.6 0.8 
P(O)Cl2 1.898 1.163 27.4 25.0 61.3  1.883 1.165 26.9 20.3 55.5  -0.78 10.0 0.9 
POF2 1.900 1.163 27.5 24.9 61.8  1.883 1.165 27.0 20.2 55.4  -0.79 10.0 0.89 
SH 1.882 1.167 26.1 26.2 56.6  1.868 1.170 25.2 25.2 50.7  -0.77 10.4 0.15 
SCH3 1.879 1.168 25.7 26.5 55.7  1.866 1.171 24.8 25.5 50.0  -0.75 10.5 0 
SCCH 1.884 1.167 26.3 26.0 57.1  1.871 1.169 25.4 25.0 51.3  -0.78 10.4 0.19 
SCH2F 1.881 1.167 26.7 26.4 56.7  1.868 1.169 25.9 23.9 51.4  -0.78 10.5 0.2 
SCHF2 1.886 1.166 27.7 26.0 58.4  1.873 1.167 26.9 21.9 53.0  -0.81 10.3 0.37 
SCF2CF3 1.888 1.165 27.8 25.8 59.0  1.876 1.167 27.1 21.2 53.7  -0.81 10.2 0.48 
SCF3 1.888 1.165 28.0 25.8 59.1  1.875 1.167 27.3 21.7 53.4  -0.82 10.3 0.5 
SCl 1.892 1.164 25.8 25.6 60.1  1.877 1.166 25.1 20.9 54.0  -0.80 10.2 0.48 
SCN 1.890 1.165 27.1 25.5 58.8  1.876 1.167 26.2 22.6 53.3  -0.81 10.3 0.52 
SCOCH3 1.882 1.167 27.5 26.4 57.4  1.867 1.169 26.7 23.0 51.6  -0.82 10.4 0.44 
SCOCF3 1.888 1.165 28.0 25.9 58.9  1.874 1.167 27.2 21.5 53.3  -0.72 10.3 0.46 
SiBr3 1.891 1.165 27.1 25.6 59.6  1.875 1.167 26.5 21.4 53.5  -0.76 10.2 0.57 
SiCHCl2 1.883 1.166 27.1 26.4 57.9  1.869 1.168 26.3 22.3 52.2  -0.81 10.4 0.39 
SiCHF2 1.883 1.166 27.1 26.4 57.9  1.869 1.168 26.4 22.0 52.2  -0.82 10.4 0.23 
SiCl3 1.892 1.164 27.2 25.5 59.9  1.876 1.167 26.6 21.2 53.8  -0.82 10.2 0.56 
SiF3 1.893 1.164 27.4 25.4 60.3  1.877 1.166 26.7 20.9 54.2  -0.78 10.1 0.69 
SN(CH3)2 1.877 1.169 25.8 26.7 55.2  1.863 1.171 24.9 25.8 49.4  -0.82 10.5 0.09 
SOCH3 1.883 1.167 27.6 26.3 57.6  1.869 1.169 26.8 22.5 52.0  NA 10.4 0.49 
SOCHF2 1.892 1.164 27.8 25.4 59.9  1.875 1.167 27.1 21.4 53.5  -0.78 10.3 0.58 
PBE0/aug-pc-1 calculations of substituted para-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σp 
SOCF3 1.894 1.164 27.9 25.3 60.3  1.877 1.166 27.2 20.9 54.1  -0.79 10.2 0.69 
SOF 1.894 1.164 27.3 25.4 60.4  1.879 1.166 26.7 21.1 54.5  -0.79 10.2 0.83 
SO2 1.888 1.165 28.0 25.9 59.0  1.876 1.167 27.2 21.2 53.8  -0.79 11.1 -0.07 
SO2CH3 1.888 1.165 27.5 26.0 59.1  1.875 1.167 26.8 21.1 53.7  -0.80 10.3 0.72 
SO2Et 1.886 1.166 27.5 26.1 58.7  1.875 1.167 26.8 21.1 53.6  -0.83 10.4 0.77 
SO2CHF2 1.899 1.163 27.7 24.9 61.7  1.883 1.165 27.2 19.9 55.4  -0.79 10.0 0.86 
SO2CF2CF3 1.903 1.162 27.9 24.7 62.6  1.886 1.164 27.4 19.4 56.1  -0.78 9.9 1.08 
SO2CF3 1.901 1.162 27.8 24.8 62.2  1.887 1.164 27.3 19.4 56.3  -0.78 9.9 0.96 
SO2Cl 1.903 1.162 28.3 24.6 62.5  1.888 1.163 27.8 20.0 56.4  -0.78 9.9 1.11 
SO2CN 1.907 1.161 27.8 24.3 63.5  1.891 1.163 27.5 19.5 57.2  NA 9.8 1.26 
SO2F 1.903 1.162 27.7 24.5 62.7  1.887 1.163 27.2 19.9 56.4  -0.77 9.9 0.91 
SO2NH2 1.891 1.165 27.2 25.6 59.7  1.878 1.166 26.5 21.2 54.2  -0.78 10.2 0.6 
SO2NMe2 1.885 1.166 27.2 26.3 58.2  1.873 1.167 26.5 21.3 53.1  -0.78 10.4 0.65 
PBE0/aug-pc-1 calculations of substituted para-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
  
  
185 
Table A-4. Selected geometrical parameters (bond lengths in Å), energetic parameters (BDE and cis-trans isomerization in kcal/mol and zero point corrected), 
and NBO interaction energies (∆Eij(2) estimates in kcal/mol) from gas phase calculations of substituted meta-R–C6H4–SNOs. 
 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σm 
BF2 1.884 1.166 26.9 26.1 57.8  1.870 1.168 26.1 23.0 52.3  -0.78 10.4 0.32 
B(OH)2 1.879 1.167 26.4 26.4 56.6  1.863 1.170 25.6 23.8 50.7  -0.77 10.4 -0.01 
Br 1.887 1.166 26.8 25.8 58.5  1.873 1.168 25.9 22.7 52.9  -0.77 10.3 0.39 
CH3 1.876 1.168 26.5 27.0 55.9  1.861 1.171 25.6 24.8 50.0  -0.76 10.6 -0.07 
CH2Br 1.879 1.167 26.8 26.6 56.8  1.865 1.170 26.0 23.1 51.3  -0.77 10.5 0.12 
CHBr2 1.886 1.166 26.6 25.8 58.3  1.874 1.168 25.8 23.5 52.8  -0.77 10.3 0.31 
CBr3 1.886 1.166 26.7 25.8 58.3  1.872 1.168 25.9 23.1 52.6  -0.77 10.3 0.28 
CCH 1.883 1.166 26.8 26.1 57.6  1.870 1.169 26.0 24.2 51.8  -0.77 10.4 0.21 
CH2CF3 1.879 1.168 26.9 26.5 56.7  1.865 1.170 26.0 23.0 51.3  -0.77 10.5 0.12 
CH2Cl 1.879 1.168 26.8 26.6 56.6  1.867 1.169 25.9 23.9 51.4  -0.77 10.5 0.11 
CHCl2 1.887 1.166 26.6 25.7 58.4  1.874 1.168 25.8 23.1 52.9  -0.77 10.2 0.31 
CCl3 1.887 1.166 26.8 25.7 58.5  1.873 1.168 26.0 22.9 52.8  -0.77 10.3 0.4 
CClF2 1.888 1.165 27.0 25.7 58.8  1.873 1.167 26.3 22.4 53.0  -0.78 10.3 0.42 
CH2CN 1.883 1.167 26.8 26.0 57.5  1.868 1.169 26.0 22.7 51.9  -0.77 10.3 0.16 
CH(CN)2 1.892 1.165 26.9 24.9 59.5  1.881 1.166 26.1 21.4 54.7  -0.78 10.0 0.53 
CH2CONH2 1.869 1.170 27.3 26.9 54.3  1.864 1.170 26.3 22.7 51.2  -0.77 11.0 0.06 
CH2F 1.879 1.167 26.6 26.4 56.7  1.864 1.170 25.8 23.4 51.0  -0.77 10.4 0.12 
CHF2 1.881 1.167 27.0 26.4 57.2  1.868 1.169 26.2 22.4 52.0  -0.78 10.5 0.29 
CF2CF3 1.890 1.165 27.1 25.0 59.2  1.874 1.167 26.3 22.1 53.2  -0.78 10.2 0.47 
CF3 1.889 1.165 27.0 25.6 58.9  1.874 1.167 26.2 22.3 53.2  -0.78 10.3 0.43 
CH2I 1.879 1.167 27.6 26.6 56.7  1.866 1.170 26.8 23.5 51.3  -0.81 10.5 0.1 
CHI2 1.886 1.166 27.9 25.6 58.4  1.872 1.168 27.1 22.0 52.9  -0.82 10.4 0.26 
Cl 1.887 1.166 26.8 25.8 58.6  1.874 1.168 26.0 23.1 52.8  -0.77 10.3 0.37 
CN 1.894 1.164 27.2 25.1 60.1  1.879 1.166 26.4 22.0 54.4  -0.79 10.2 0.56 
CH=NOCH3 1.881 1.167 26.5 26.4 57.0  1.867 1.169 25.6 24.2 51.3  -0.76 10.4 0.37 
PBE0/aug-pc-1 calculations of substituted meta-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σm 
CH2OH 1.875 1.168 26.5 26.9 55.7  1.860 1.171 25.7 24.5 49.9  -0.76 10.5 0 
COCH3 1.883 1.167 26.6 26.0 57.5  1.868 1.169 25.8 22.4 51.9  -0.77 10.3 0.38 
COCF3 1.891 1.165 27.2 25.2 59.4  1.876 1.167 26.4 22.3 53.8  -0.79 10.2 0.63 
COCl 1.890 1.165 27.2 25.5 59.2  1.874 1.167 26.3 22.3 53.4  -0.79 10.3 0.51 
COF 1.890 1.165 27.1 25.5 59.2  1.876 1.167 26.3 22.1 53.8  -0.79 10.3 0.55 
CONH2 1.878 1.168 26.5 26.0 56.4  1.863 1.170 25.8 22.5 51.0  -0.77 10.4 0.28 
CONHCH3 1.877 1.168 26.6 25.7 56.1  1.861 1.171 25.9 22.7 50.5  -0.77 10.5 0.35 
COOH 1.884 1.166 26.9 26.1 57.8  1.871 1.168 26.1 23.4 52.3  -0.78 10.4 0.37 
CO2CH3 1.881 1.167 26.9 26.3 57.3  1.869 1.169 26.0 23.7 51.8  -0.78 10.5 0.37 
CH2SCN 1.880 1.167 26.9 26.4 57.0  1.866 1.169 26.1 22.8 51.5  -0.77 10.5 0.12 
CSNH2 1.875 1.169 27.5 25.3 55.8  1.862 1.170 26.7 22.5 50.8  -0.80 10.5 0.25 
CSNHCH3 1.870 1.170 27.7 26.8 54.5  1.858 1.172 27.4 23.9 49.7  -0.80 10.7 0.3 
CH2SO2CF3 1.892 1.165 27.0 24.5 59.2  1.870 1.168 26.1 21.6 52.4  -0.77 10.3 0.29 
F 1.886 1.166 26.6 25.9 58.4  1.872 1.168 25.8 23.3 52.4  -0.77 10.3 0.34 
H 1.879 1.168 26.3 26.6 56.6  1.865 1.170 25.5 25.3 50.7  -0.77 10.5 0 
NH2 1.872 1.169 26.4 27.3 55.4  1.858 1.172 25.7 25.4 49.2  -0.75 10.6 -0.16 
N(CH3)2 1.870 1.169 26.5 27.3 54.9  1.855 1.173 25.8 25.2 48.7  -0.75 10.5 -0.16 
N=CCl2 1.883 1.167 26.8 25.6 57.7  1.869 1.169 26.0 23.4 51.7  -0.77 10.4 0.21 
NHCN 1.887 1.166 26.6 25.7 58.6  1.870 1.168 25.9 22.8 52.2  -0.77 10.1 0.21 
N=C=O 1.886 1.166 26.7 25.9 58.3  1.872 1.168 25.9 22.8 52.6  -0.77 10.3 0.27 
NHCOCH3 1.880 1.167 26.3 26.4 56.8  1.863 1.171 25.5 24.2 50.5  -0.76 10.3 0.21 
NHCONH2 1.864 1.171 28.3 26.7 53.6  1.860 1.171 27.5 24.6 49.9  -0.81 11.0 -0.03 
NHCOOCH3 1.879 1.167 26.3 26.4 56.8  1.863 1.170 25.6 24.5 50.5  -0.76 10.3 -0.02 
N=C=S 1.888 1.165 26.9 25.6 58.9  1.873 1.168 26.2 22.7 52.9  -0.78 10.2 0.48 
NHCSCH3 1.882 1.167 27.1 25.2 57.2  1.865 1.170 26.4 23.7 51.1  -0.77 10.5 0.24 
NHCSNH2 1.865 1.171 28.4 26.7 53.9  1.861 1.171 24.4 24.2 50.1  -0.81 11.0 0.22 
PBE0/aug-pc-1 calculations of substituted meta-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σm 
N(CH3)SO2CH3 1.873 1.169 26.7 26.4 55.1  1.862 1.170 25.9 22.9 50.5  -0.76 10.7 0.21 
NHNH2 1.873 1.169 26.2 27.1 55.5  1.856 1.173 24.6 25.9 48.7  -0.74 10.4 -0.02 
N=NCF3 1.892 1.165 27.0 25.3 59.5  1.876 1.167 26.2 22.2 53.8  -0.78 10.3 0.56 
NNCN 1.894 1.164 27.0 25.1 60.2  1.884 1.164 26.4 20.4 56.0  -0.79 10.2 0.71 
N3 1.884 1.166 26.6 26.0 58.0  1.871 1.168 25.8 22.8 52.3  -0.77 10.3 0.37 
NHNO2 1.887 1.166 26.7 25.7 58.4  1.871 1.168 25.9 22.7 52.6  -0.77 10.3 0.91 
NO 1.891 1.165 26.8 25.4 59.4  1.879 1.166 26.1 21.2 54.8  -0.78 10.3 0.62 
NO2 1.893 1.164 27.3 25.2 60.1  1.878 1.166 26.5 21.8 54.2  -0.79 10.2 0.71 
NHSO2CH3 1.871 1.169 27.8 26.9 55.1  1.867 1.169 26.9 21.3 51.8  -0.78 11.1 0.2 
NHSO2CF3 1.887 1.166 26.8 25.4 58.4  1.870 1.168 26.1 21.8 52.6  -0.77 10.3 0.44 
N(SO2CH3)2 1.869 1.170 27.4 27.0 54.5  1.862 1.170 26.6 20.7 51.1  -0.78 10.8 0.47 
OH 1.880 1.167 26.2 26.4 57.0  1.864 1.170 25.4 24.7 50.7  -0.75 10.4 0.12 
OCH3 1.877 1.168 26.1 26.7 56.3  1.861 1.171 25.3 24.8 50.0  -0.75 10.5 0.12 
OCH2CH3 1.876 1.168 26.1 26.6 56.1  1.859 1.172 25.3 23.9 49.7  -0.75 10.5 0.1 
OCH2Cl 1.878 1.168 26.6 26.4 56.5  1.867 1.169 25.6 23.3 51.5  -0.76 10.5 0.25 
OCHCl2 1.882 1.167 26.9 26.2 57.5  1.868 1.169 26.1 23.1 51.8  -0.77 10.5 0.38 
OCCl3 1.890 1.165 27.6 24.9 59.1  1.873 1.168 26.8 22.7 52.7  -0.82 10.2 0.43 
OCH2F 1.876 1.168 26.6 26.1 56.2  1.861 1.171 25.9 22.6 50.4  -0.76 10.5 0.2 
OCHF2 1.881 1.167 26.7 25.5 57.2  1.866 1.169 26.0 22.0 51.6  -0.77 10.4 0.31 
OCF2CF3 1.888 1.165 27.0 25.6 58.7  1.876 1.167 26.1 22.6 53.4  -0.78 10.3 0.48 
OCF3 1.888 1.165 27.0 25.7 58.7  1.874 1.167 26.2 22.5 53.0  -0.78 10.3 0.38 
OCN 1.894 1.164 27.0 25.1 60.1  1.879 1.166 26.3 21.5 54.3  -0.78 10.1 0.67 
OCOCH3 1.880 1.167 26.6 26.4 56.9  1.868 1.169 25.8 23.2 51.6  -0.77 10.4 0.39 
ONO2 1.890 1.165 27.1 25.5 59.1  1.877 1.167 26.2 22.1 53.7  -0.78 10.3 0.55 
OS(=O)CH3 1.880 1.167 26.6 26.4 57.0  1.865 1.170 25.9 23.2 51.1  -0.77 10.4 0.44 
OSO2CH3 1.872 1.169 27.0 26.2 55.1  1.867 1.169 25.8 23.1 51.5  -0.77 10.8 0.39 
PBE0/aug-pc-1 calculations of substituted meta-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σm 
OSO2CF3 1.892 1.165 27.1 24.1 59.5  1.875 1.167 26.3 21.1 53.7  -0.78 10.2 0.56 
PCC 1.878 1.168 26.8 26.0 56.4  1.862 1.171 26.0 22.6 50.6  -0.77 10.5 0.03 
PCl2 1.890 1.165 26.8 25.4 59.1  1.876 1.167 26.0 22.6 53.6  -0.77 10.2 0.54 
PF2 1.890 1.165 26.8 25.5 59.0  1.876 1.167 26.0 22.8 53.6  -0.78 10.3 0.49 
PF4 1.892 1.165 27.4 25.3 59.6  1.877 1.166 26.6 22.0 54.1  NA 10.2 0.63 
P(O)Cl2 1.894 1.164 27.4 25.2 60.1  1.878 1.166 26.6 21.9 54.2  -0.79 10.3 0.78 
POF2 1.896 1.164 27.3 24.9 60.6  1.884 1.164 26.5 20.9 55.8  -0.79 10.1 0.81 
SH 1.883 1.166 26.5 26.1 57.7  1.866 1.169 25.7 23.5 51.4  -0.76 10.3 0.25 
SCH3 1.879 1.167 26.3 26.5 56.8  1.861 1.171 25.5 22.8 50.3  -0.75 10.4 0.15 
SCCH 1.884 1.166 26.7 26.1 57.9  1.870 1.169 25.9 24.1 51.9  -0.77 10.4 0.26 
SCH2F 1.877 1.168 27.0 25.7 56.4  1.865 1.169 26.3 21.9 51.5  -0.77 10.6 0.23 
SCHF2 1.883 1.167 27.0 25.7 57.6  1.874 1.167 26.1 21.7 53.3  -0.78 10.5 0.33 
SCF2CF3 1.886 1.166 27.1 25.9 58.4  1.873 1.168 26.4 22.7 52.9  -0.78 10.4 0.44 
SCF3 1.892 1.165 27.0 25.1 59.6  1.876 1.167 26.2 22.6 53.5  -0.78 10.2 0.4 
SCl 1.888 1.166 27.8 25.7 58.6  1.873 1.167 27.0 22.4 53.1  -0.82 10.4 0.44 
SCN 1.894 1.164 26.9 25.1 60.0  1.876 1.167 26.2 21.8 53.7  -0.78 10.1 0.51 
SCOCH3 1.881 1.167 26.7 26.3 57.1  1.867 1.169 25.9 23.4 51.6  -0.77 10.5 0.39 
SCOCF3 1.887 1.166 27.0 25.7 58.4  1.874 1.167 26.2 21.9 53.3  -0.78 10.4 0.48 
SiBr3 1.887 1.166 27.0 25.8 58.4  1.873 1.168 26.2 23.2 52.8  -0.78 10.3 0.48 
SiCHCl2 1.881 1.167 27.0 26.1 57.1  1.870 1.169 26.2 24.4 51.9  -0.78 10.4 0.31 
SiCHF2 1.885 1.166 26.9 26.0 57.9  1.872 1.168 26.1 23.2 52.8  -0.77 10.4 0.29 
SiCl3 1.888 1.165 27.0 25.7 58.7  1.873 1.168 26.2 22.9 52.9  -0.78 10.3 0.48 
SiF3 1.889 1.165 27.1 25.6 59.1  1.876 1.167 26.3 22.3 53.6  -0.78 10.3 0.54 
SN(CH3)2 1.874 1.169 26.7 26.7 55.8  1.859 1.172 25.9 22.6 49.8  -0.76 10.6 0.12 
SOCH3 1.880 1.167 26.9 25.3 56.9  1.867 1.169 26.1 21.9 51.8  -0.77 10.4 0.52 
SOCHF2 1.884 1.166 27.5 24.9 57.9  1.876 1.166 26.7 21.0 54.0  -0.78 10.6 0.54 
PBE0/aug-pc-1 calculations of substituted meta-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*    nO→σSN*     α–β S spin* cis–trans σm 
SOCF3 1.892 1.165 27.0 25.2 59.4  1.879 1.166 26.3 20.9 54.5  -0.78 10.2 0.63 
SOF 1.892 1.165 27.1 25.3 59.5  1.879 1.166 26.3 21.6 54.3  -0.78 10.2 0.74 
SO2 1.887 1.166 27.1 25.6 58.5  1.872 1.168 26.3 22.1 52.9  -0.78 10.4 -0.04 
SO2CH3 1.882 1.167 27.4 25.5 57.5  1.873 1.167 26.7 21.2 53.3  -0.79 10.5 0.6 
SO2Et 1.880 1.168 27.6 25.9 56.8  1.872 1.167 26.8 20.8 53.1  -0.78 10.7 0.66 
SO2CHF2 1.896 1.164 27.4 24.8 60.7  1.879 1.166 26.6 21.2 54.4  -0.79 10.1 0.75 
SO2CF2CF3 1.900 1.163 27.5 24.4 61.5  1.883 1.165 26.8 21.0 55.4  -0.79 10.0 0.92 
SO2CF3 1.899 1.163 27.6 23.6 61.1  1.887 1.164 26.9 20.0 56.5  -0.79 10.1 0.83 
SO2Cl 1.900 1.163 27.4 24.5 61.4  1.884 1.165 26.7 21.1 55.5  -0.80 10.1 1.2 
SO2CN 1.902 1.162 27.5 24.3 62.1  1.886 1.164 26.9 20.4 56.2  -0.79 10.0 1.1 
SO2F 1.899 1.163 27.4 24.6 61.4  1.884 1.164 26.7 21.2 55.6  -0.79 10.0 0.8 
SO2NH2 1.886 1.166 27.1 25.8 58.4  1.875 1.167 26.4 21.5 53.6  -0.78 10.3 0.53 
SO2NMe2 1.878 1.168 27.5 26.1 56.5  1.870 1.168 26.8 20.7 52.7  -0.78 10.7 0.51 
PBE0/aug-pc-1 calculations of substituted meta-R–C6H4–SNOs. *The spin charge on the sulfur atom in RS• calculated as the difference of α and β spin. 
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Table A-5. Selected geometrical parameters (bond lengths in Å) and energetic parameters (BDE and cis-trans isomerization in kcal/mol and zero point corrected) 
from solvent calculations of substituted R–SNOs. 
 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
BF2 1.961 1.142 24.5  1.912 1.151 26.9  5.4 
B(OH)2 1.792 1.181 26.9  1.810 1.170 29.2  10.6 
Br 1.690 1.183 29.3  1.842 1.166 24.6  14.7 
CH3 1.743 1.190 31.7  1.768 1.182 30.7  14.5 
CH2Br 1.795 1.176 29.3  1.804 1.172 28.9  11.9 
CHBr2 NA NA NA  1.832 1.165 27.5  NA 
CBr3 1.825 1.166 24.8  1.846 1.163 25.1  8.0 
CCH 1.935 1.148 18.9  1.907 1.154 16.9  9.6 
CH2CF3 1.792 1.175 30.2  1.805 1.171 29.7  13.2 
CH2Cl 1.796 1.175 29.1  1.802 1.172 28.9  11.7 
CHCl2 NA NA NA  1.829 1.165 29.0  NA 
CClClCl 1.826 1.165 26.1  1.842 1.164 26.7  8.4 
CClF2 1.865 1.158 26.0  1.867 1.159 27.1  8.0 
CH2CN 1.788 1.175 30.5  1.811 1.169 29.7  12.8 
CH(CN)2 1.817 1.167 30.9  1.859 1.156 30.1  12.5 
CH2CONH2 1.740 1.190 29.3  1.774 1.180 27.9  12.4 
CH2F 1.813 1.172 27.6  1.808 1.171 28.2  11.1 
CHF2 1.844 1.164 28.3  1.835 1.163 30.2  11.3 
CF2CF3 1.918 1.146 NA  1.895 1.152 NA  8.2 
CF3 1.880 1.155 27.7  1.871 1.156 29.2  8.2 
CH2I 1.786 1.178 29.4  1.799 1.173 28.5  14.2 
CHI2 1.804 1.173 26.0  1.823 1.167 25.0  11.7 
Cl 1.692 1.184 29.7  1.828 1.169 25.3  15.1 
CN 2.051 1.127 23.7  2.021 1.131 22.5  6.7 
CH=NOCH3 1.808 1.174 19.8  1.813 1.170 20.3  11.0 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted R–SNOs. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
CH2OH 1.754 1.189 28.9  1.780 1.179 29.4  12.8 
COCH3 1.904 1.151 22.9  1.841 1.165 25.4  6.3 
COCF3 2.017 1.130 24.0  1.949 1.142 25.5  4.3 
COCl 2.000 1.135 23.3  1.932 1.147 24.6  5.1 
COF 1.997 1.135 23.4  1.934 1.146 25.3  5.7 
CONH2 1.871 1.156 23.4  1.837 1.165 25.6  7.2 
CONHCH3 1.850 1.161 24.1  1.833 1.166 25.9  7.6 
COOH 1.942 1.143 23.5  1.864 1.159 25.8  6.6 
CO2CH3 1.900 1.151 23.3  1.857 1.163 25.2  6.7 
CH2SCN 1.816 1.170 29.0  1.823 1.167 28.6  11.5 
CSNH2 1.775 1.185 14.4  1.798 1.176 16.3  11.5 
CSNHCH3 1.782 1.179 27.7  1.788 1.177 27.2  12.6 
CH3SO2CF3 1.820 1.168 29.6  1.841 1.162 28.9  11.9 
F 1.532 1.181 37.1  1.738 1.185 29.9  22.3 
H 1.789 1.176 29.1  1.806 1.172 30.0  9.8 
NH2 1.767 1.183 19.3  1.763 1.187 18.1  14.7 
N(CH3)2 1.745 1.193 15.1  1.760 1.192 13.8  13.9 
N=CCl2 1.826 1.167 22.0  1.810 1.171 21.6  11.3 
NHCN 1.815 1.171 21.1  1.819 1.170 19.8  12.1 
N=C=O 1.738 1.183 26.4  1.789 1.176 24.1  14.8 
NHCOCH3 1.704 1.202 20.5  1.791 1.178 21.7  12.5 
NHCONH2 1.817 1.173 19.4  1.808 1.176 18.2  12.5 
NHCOOCH3 1.787 1.178 22.4  1.791 1.178 21.0  13.8 
N=C=S 1.804 1.172 21.0  1.820 1.169 19.0  12.1 
NHCSCH3 1.817 1.171 19.2  1.821 1.171 17.9  12.2 
NHCSNH2 1.846 1.166 18.2  1.831 1.170 17.0  11.1 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted R–SNOs. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
N(CH3)SO2CH3 1.750 1.187 19.9  1.779 1.182 18.9  14.6 
NHNH2 1.789 1.180 15.9  1.777 1.183 15.1  13.0 
N=NCF3 1.966 1.142 13.5  1.861 1.157 14.9  8.6 
NNCN 2.037 1.131 13.3  1.905 1.148 14.1  7.3 
N3 1.758 1.181 22.9  1.807 1.174 20.7  13.7 
NHNO2 1.847 1.165 20.3  1.838 1.166 19.2  11.4 
NO 1.944 1.146 4.8  1.835 1.162 8.1  8.6 
NO2 1.972 1.136 23.2  1.896 1.152 24.2  6.1 
NHSO2CH3 1.810 1.172 21.0  1.813 1.173 19.8  12.4 
NHSO2CF3 1.825 1.167 22.7  1.828 1.167 21.4  12.1 
N(SO2CH3)2 1.786 1.175 22.7  1.809 1.172 21.5  13.0 
OH 1.683 1.197 27.9  1.740 1.190 25.3  17.9 
OCH3 1.686 1.198 26.4  1.740 1.191 24.4  17.4 
OCH2CH3 1.685 1.198 26.6  1.738 1.192 24.6  17.6 
OCH2Cl 1.701 1.192 27.9  1.758 1.184 24.2  17.7 
OCHCl2 1.710 1.188 26.4  1.775 1.179 24.6  15.1 
OCCl3 1.668 1.186 27.0  1.795 1.174 25.0  14.8 
OCH2F 1.699 1.192 27.5  1.757 1.185 25.4  16.6 
OCHF2 1.709 1.188 26.7  1.774 1.179 24.8  15.2 
OCF2CF3 1.674 1.186 27.9  1.795 1.173 25.8  14.5 
OCF3 1.690 1.185 27.5  1.792 1.174 25.6  14.5 
OCN 1.504 1.154 34.9  1.824 1.164 26.0  20.0 
OCOCH3 1.698 1.191 29.9  1.761 1.182 27.4  17.1 
ONO2 1.777 1.178 22.7  1.796 1.174 21.4  13.2 
OS(=O)CH3 1.696 1.194 27.8  1.760 1.184 25.4  16.6 
OSO2CH3 1.665 1.195 28.2  1.769 1.180 25.8  15.3 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted R–SNOs. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
OSO2CF3 1.492 1.147 34.0  1.804 1.169 25.9  19.8 
PCC 1.843 1.166 11.2  1.829 1.171 12.2  9.3 
PCl2 NA NA NA  1.920 1.150 16.5  NA 
PF2 1.963 1.143 15.6  1.913 1.150 18.3  7.2 
PF4 2.040 1.126 21.6  1.987 1.139 23.0  4.0 
P(O)Cl2 2.024 1.130 25.5  2.001 1.134 26.3  4.3 
POF2 2.037 1.128 25.9  2.026 1.130 26.9  4.5 
SH 1.833 1.166 18.7  1.845 1.168 16.5  11.1 
SCH3 1.844 1.167 15.8  1.843 1.170 13.9  10.6 
SCCH 1.870 1.159 17.2  1.874 1.161 15.3  9.5 
SCH2F 1.857 1.163 18.1  1.858 1.165 16.3  10.4 
SCHF2 1.885 1.157 18.3  1.878 1.160 16.6  9.7 
SCF2CF3 1.913 1.152 18.1  1.898 1.156 16.4  9.3 
SCF3 1.913 1.152 17.9  1.897 1.156 16.3  9.2 
SCl 1.990 1.144 12.0  1.925 1.153 10.2  7.6 
SCN 1.917 1.150 19.2  1.917 1.151 17.5  8.9 
SCOCH3 1.862 1.161 19.7  1.867 1.162 17.8  10.5 
SCOCF3 1.906 1.152 NA  1.908 1.152 NA  9.5 
SiBr3 1.947 1.144 25.7  1.951 1.144 26.6  4.7 
SiCHCl2 1.907 1.151 26.3  1.908 1.152 27.3  5.2 
SiCHF2 1.907 1.152 26.4  1.913 1.151 27.7  5.2 
SiCl3 1.949 1.143 26.3  1.953 1.144 27.3  4.9 
SiF3 1.971 1.140 26.9  NA NA NA  NA 
SN(CH3)2 1.844 1.167 12.0  1.841 1.170 14.7  8.0 
SOCH3 1.847 1.164 17.0  1.855 1.161 17.9  8.7 
SOCHF2 1.944 1.145 17.8  1.917 1.148 18.9  7.5 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted R–SNOs. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
SOCF3 1.956 1.143 19.0  1.931 1.145 20.1  7.5 
SOF 1.913 1.151 22.6  1.915 1.148 24.5  7.0 
SO2 1.840 1.165 26.2  1.853 1.162 27.4  7.3 
SO2CH3 1.917 1.148 24.6  1.915 1.150 25.7  6.2 
SO2Et 1.923 1.147 24.6  1.911 1.151 25.7  6.2 
SO2CHF2 2.076 1.121 25.3  2.017 1.132 26.1  4.6 
SO2CF2CF3 2.110 1.117 25.8  2.049 1.126 26.4  4.2 
SO2CF3 2.110 1.117 25.7  2.047 1.127 26.4  4.2 
SO2Cl 2.091 1.118 29.4  2.033 1.129 29.7  4.3 
SO2CN 2.149 1.111 26.5  2.085 1.121 26.9  3.6 
SO2F 2.106 1.116 26.4  2.044 1.127 26.7  4.2 
SO2NH2 1.832 1.166 26.9  1.863 1.159 27.3  7.3 
SO2NMe2 1.918 1.146 23.3  1.894 1.155 24.1  9.1 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted R–SNOs. 
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Table A-6. Selected geometrical parameters (bond lengths in Å) and energetic parameters (BDE and cis-trans isomerization in kcal/mol and zero point corrected) 
from solvent calculations of substituted R–CH2–SNOs. 
 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
BF2 1.762 1.183 31.4  1.779 1.178 29.7  14.8 
B(OH)2 1.770 1.182 30.9  1.781 1.179 29.5  14.2 
Br 1.795 1.176 29.3  1.803 1.172 28.9  12.3 
CH3 1.753 1.187 31.2  1.766 1.183 30.5  14.0 
CH2Br 1.772 1.182 30.2  1.785 1.177 29.7  13.1 
CHBr2 1.789 1.176 29.5  1.794 1.175 29.6  13.6 
CBr3 1.791 1.176 29.5  1.806 1.172 29.1  12.8 
CCH 1.766 1.181 31.0  1.783 1.177 30.2  13.2 
CH2CF3 1.766 1.183 30.6  1.782 1.178 29.9  13.7 
CH2Cl 1.772 1.182 30.3  1.785 1.177 29.8  13.2 
CHCl2 1.789 1.176 29.7  1.794 1.175 29.6  12.6 
CClClCl 1.791 1.175 29.7  1.804 1.172 29.3  13.4 
CClF2 1.791 1.175 30.1  1.805 1.171 29.5  12.9 
CH2CN 1.773 1.181 30.3  1.788 1.176 29.7  13.5 
CH(CN)2 1.794 1.176 29.6  1.821 1.167 29.1  12.7 
CH2CONH2 1.752 1.188 31.1  1.768 1.182 30.4  14.2 
CH2F 1.766 1.183 31.2  1.778 1.179 30.4  14.1 
CHF2 1.781 1.179 30.4  1.793 1.175 29.8  13.7 
CF2CF3 1.790 1.176 30.2  1.806 1.171 29.6  13.1 
CF3 1.792 1.175 30.2  1.805 1.171 29.7  13.2 
CH2I 1.770 1.182 30.3  1.784 1.178 29.7  13.3 
CHI2 1.779 1.180 29.7  1.792 1.176 29.4  12.9 
Cl 1.796 1.175 29.1  1.803 1.172 28.9  12.2 
CN 1.788 1.175 30.5  1.811 1.169 29.7  12.8 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted R–CH2–SNOs. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
CH=NOCH3 1.768 1.182 31.1  1.781 1.178 30.4  14.3 
CH2OH 1.782 1.179 29.9  1.785 1.178 29.6  13.3 
COCH3 1.771 1.180 30.9  1.789 1.176 29.8  14.7 
COCF3 1.779 1.178 31.0  1.799 1.172 30.1  13.7 
COCl 1.785 1.177 30.5  1.801 1.172 29.9  13.2 
COF 1.786 1.176 30.8  1.809 1.170 29.6  13.6 
CONH2 1.739 1.191 29.3  1.798 1.174 28.9  15.4 
CONHCH3 1.740 1.190 29.2  1.800 1.173 28.8  15.2 
COOH 1.775 1.179 30.9  1.785 1.176 30.1  14.0 
CO2CH3 1.772 1.180 31.0  1.791 1.175 29.7  14.0 
CH2SCN 1.770 1.182 30.4  1.785 1.177 29.7  13.5 
CSNH2 1.737 1.191 28.2  1.809 1.171 28.0  11.4 
CSNHCH3 1.756 1.187 31.0  1.772 1.182 30.3  13.9 
CH3SO2CF3 1.771 1.182 30.3  1.793 1.175 29.7  13.4 
F 1.813 1.172 27.6  1.808 1.171 28.2  11.0 
H 1.758 1.185 31.7  1.768 1.182 30.7  14.5 
NH2 1.751 1.190 30.6  1.768 1.183 30.5  11.9 
N(CH3)2 1.762 1.185 30.2  1.769 1.183 30.4  11.6 
N=CCl2 1.784 1.177 29.7  1.795 1.174 29.3  12.7 
NHCN 1.768 1.184 29.6  1.794 1.174 29.7  12.3 
N=C=O 1.775 1.181 29.0  1.795 1.174 29.0  12.1 
NHCOCH3 1.750 1.189 30.5  1.775 1.180 30.3  13.0 
NHCONH2 1.747 1.190 30.7  1.770 1.182 30.5  13.0 
NHCOOCH3 1.753 1.188 30.4  1.777 1.179 30.3  12.8 
N=C=S 1.792 1.176 29.1  1.804 1.171 29.0  11.6 
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 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
NHCSCH3 1.757 1.187 24.3  1.778 1.180 24.2  13.5 
NHCSNH2 1.750 1.189 25.3  1.772 1.182 25.3  13.4 
N(CH3)SO2CH3 1.786 1.178 29.3  1.791 1.175 29.6  12.9 
NHNH2 1.766 1.185 29.7  1.777 1.180 29.7  12.0 
N=NCF3 1.799 1.173 29.6  1.813 1.169 29.0  12.3 
NNCN 1.801 1.172 29.5  1.821 1.167 28.9  12.1 
N3 1.787 1.178 29.0  1.797 1.174 29.3  13.0 
NHNO2 1.772 1.182 29.6  1.796 1.174 29.6  12.2 
NO 1.800 1.173 29.5  1.816 1.168 28.6  12.6 
NO2 1.817 1.169 29.1  1.824 1.165 28.9  12.0 
NHSO2CH3 1.766 1.185 29.6  1.780 1.179 29.0  12.1 
NHSO2CF3 1.768 1.184 29.3  1.799 1.173 29.4  12.6 
N(SO2CH3)2 1.789 1.177 28.4  1.800 1.173 28.9  12.7 
OH 1.754 1.189 28.9  1.780 1.179 29.4  13.0 
OCH3 1.777 1.181 28.7  1.781 1.179 29.3  12.0 
OCH2CH3 1.775 1.181 28.8  1.779 1.179 29.3  13.1 
OCH2Cl 1.804 1.174 28.2  1.803 1.172 28.5  11.4 
OCHCl2 1.806 1.173 28.2  1.798 1.174 28.5  11.4 
OCCl3 1.804 1.174 28.4  1.807 1.171 28.8  11.7 
OCH2F 1.800 1.175 28.4  1.796 1.174 28.6  11.5 
OCHF2 1.793 1.176 28.9  1.795 1.174 29.3  12.1 
OCF2CF3 1.814 1.171 28.1  1.809 1.170 28.7  12.0 
OCF3 1.807 1.172 28.0  1.808 1.170 28.9  12.3 
OCN 1.850 1.163 27.1  1.843 1.162 27.9  11.4 
OCOCH3 1.787 1.178 28.9  1.791 1.176 29.1  11.9 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted R–CH2–SNOs. 
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 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
ONO2 1.811 1.172 28.3  1.814 1.169 28.6  11.1 
OS(=O)CH3 1.803 1.174 28.5  1.800 1.173 30.1  NA 
OSO2CH3 1.817 1.171 28.1  1.816 1.168 28.4  11.1 
OSO2CF3 1.825 1.169 27.9  1.825 1.166 28.4  11.0 
PCC 1.755 1.186 31.8  1.772 1.182 30.3  13.7 
PCl2 1.794 1.174 32.9  1.809 1.171 32.0  12.6 
PF2 1.770 1.181 30.7  1.791 1.175 29.2  13.3 
PF4 1.777 1.179 30.7  1.793 1.174 29.6  12.9 
P(O)Cl2 1.795 1.174 33.3  1.817 1.168 32.2  12.4 
POF2 1.795 1.174 30.5  1.817 1.168 29.4  12.4 
SH 1.770 1.182 29.2  1.779 1.179 28.7  13.1 
SCH3 1.764 1.184 28.5  1.776 1.180 28.2  13.5 
SCCH 1.776 1.181 30.5  1.795 1.175 30.1  13.0 
SCH2F 1.777 1.180 29.7  1.789 1.176 29.2  12.6 
SCHF2 1.771 1.182 31.0  1.786 1.177 30.2  12.9 
SCF2CF3 1.779 1.179 31.3  1.796 1.174 31.1  13.1 
SCF3 1.780 1.179 31.5  1.795 1.174 30.8  12.5 
SCl 1.814 1.170 29.0  1.822 1.168 28.8  10.6 
SCN 1.789 1.177 31.6  1.818 1.168 31.0  12.2 
SCOCH3 1.764 1.184 31.3  1.781 1.179 30.5  12.6 
SCOCF3 1.777 1.180 32.1  1.796 1.174 31.3  12.2 
SiBr3 1.776 1.179 30.6  1.797 1.174 28.9  12.3 
SiCHCl2 1.766 1.182 30.3  1.789 1.176 28.3  12.1 
SiCHF2 1.765 1.183 30.2  1.783 1.178 28.4  12.3 
SiCl3 1.775 1.179 30.6  1.795 1.174 29.0  12.3 
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199 
 cis-  trans-   
R r(S–N) r(N–O) BDE  r(S–N) r(N–O) BDE  cis–trans 
SiF3 1.776 1.179 30.7  1.797 1.173 28.8  12.1 
SN(CH3)2 1.753 1.188 27.2  1.776 1.181 26.3  12.5 
SOCH3 1.775 1.180 33.6  1.809 1.171 32.8  13.0 
SOCHF2 1.812 1.170 32.8  1.825 1.166 32.2  11.8 
SOCF3 1.818 1.169 33.1  1.814 1.169 32.4  11.1 
SOF 1.795 1.174 33.4  1.814 1.169 32.5  12.2 
SO2 1.822 1.168 33.2  1.842 1.163 32.8  9.7 
SO2CH3 1.791 1.176 29.8  1.809 1.170 29.3  12.9 
SO2Et 1.788 1.177 29.7  1.806 1.171 29.3  12.9 
SO2CHF2 1.808 1.171 30.1  1.826 1.165 29.3  11.9 
SO2CF2CF3 1.817 1.169 29.8  1.832 1.164 28.7  10.9 
SO2CF3 1.820 1.168 29.9  1.836 1.163 29.2  11.4 
SO2Cl 1.825 1.167 29.2  1.839 1.162 28.8  11.2 
SO2CN 1.837 1.164 29.0  1.852 1.159 28.7  10.8 
SO2F 1.819 1.168 29.8  1.836 1.163 29.2  11.5 
SO2NH2 1.792 1.175 30.2  1.812 1.170 29.4  12.4 
SO2NMe2 1.780 1.179 30.1  1.796 1.174 29.5  12.9 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted R–CH2–SNOs. 
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Table A-7. Selected geometrical parameters (bond lengths in Å), energetic parameters (BDE and cis-trans isomerization in kcal/mol and zero point corrected), 
and NBO interaction energies (∆Eij(2) estimates in kcal/mol) from solvent calculations of substituted para-R–C6H4–SNOs. 
 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σp 
BF2 1.825 1.169 24.0 32.2 52.2  1.819 1.171 23.7 16.1 48.1  10.7 0.48 
B(OH)2 1.816 1.171 23.4 33.3 50.0  1.809 1.174 23.0 14.6 46.1  10.9 0.12 
Br 1.819 1.171 22.9 32.8 50.2  1.814 1.173 22.3 13.3 46.8  10.9 0.23 
CH3 1.807 1.174 22.5 34.4 47.5  1.804 1.176 21.8 14.9 44.1  11.3 -0.17 
CH2Br 1.815 1.172 23.2 33.5 49.5  1.811 1.174 22.6 13.8 46.1  11.0 0.14 
CHBr2 1.821 1.170 23.2 32.6 51.0  1.815 1.172 22.7 14.4 47.3  10.8 0.32 
CBr3 1.825 1.169 23.4 32.3 51.8  1.819 1.171 23.0 14.7 48.0  10.7 0.29 
CCH 1.821 1.170 22.4 32.7 50.5  1.814 1.173 21.9 14.0 46.9  10.9 0.23 
CH2CF3 1.813 1.172 23.3 33.6 49.1  1.809 1.174 22.8 13.5 45.9  11.1 0.09 
CH2Cl 1.814 1.172 23.3 33.5 49.4  1.810 1.174 22.7 13.8 46.1  11.0 0.12 
CHCl2 1.821 1.170 23.4 32.7 50.9  1.815 1.172 22.9 14.2 47.3  10.8 0.32 
CClClCl 1.824 1.169 23.6 32.0 51.8  1.818 1.171 23.2 14.4 48.0  10.7 0.46 
CClF2 1.825 1.169 23.8 32.2 51.9  1.818 1.171 23.4 14.9 48.0  10.7 0.46 
CH2CN 1.815 1.171 23.2 33.4 49.5  1.810 1.174 22.6 13.6 46.0  11.0 0.18 
CH(CN)2 1.825 1.169 23.9 32.1 51.9  NA NA NA 15.5 49.1  10.7 0.52 
CH2CONH2 1.811 1.173 23.2 34.0 48.6  1.809 1.174 22.6 13.0 45.8  11.3 0.07 
CH2F 1.811 1.173 22.9 33.8 48.5  1.807 1.175 22.2 13.4 45.2  11.2 0.11 
CHF2 1.818 1.171 23.6 33.1 50.2  1.813 1.173 23.1 13.9 46.7  11.0 0.32 
CF2CF3 1.826 1.168 24.0 32.0 52.2  1.819 1.171 23.7 15.1 48.2  10.7 0.52 
CF3 1.826 1.169 24.0 32.1 52.1  1.819 1.171 23.6 14.8 48.1  10.7 0.54 
CH2I 1.814 1.172 22.8 33.6 49.2  1.810 1.174 22.2 NA NA  NA 0.11 
CHI2 1.821 1.170 22.9 32.7 50.7  1.814 1.173 22.3 NA NA  NA 0.26 
Cl 1.814 1.172 22.8 32.9 49.9  1.810 1.174 22.2 13.3 46.6  10.9 0.23 
CN 1.834 1.166 23.7 30.5 54.0  1.826 1.169 23.5 16.2 49.7  10.4 0.66 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σp 
CH=NOCH3 1.817 1.171 21.7 33.3 49.7  1.811 1.174 21.2 14.2 46.3  10.9 0.3 
CH2OH 1.809 1.173 22.8 34.2 47.9  1.806 1.175 22.1 13.4 44.8  11.3 0 
COCH3 1.824 1.169 23.6 32.2 51.8  1.816 1.172 23.3 16.0 47.6  10.8 0.5 
COCF3 1.839 1.165 24.0 30.2 55.3  1.829 1.168 24.0 18.3 50.2  10.3 0.8 
COCl 1.837 1.166 24.1 30.4 54.8  1.827 1.168 24.0 18.1 50.0  10.4 0.61 
COF 1.835 1.166 24.1 30.5 54.5  1.826 1.169 24.0 17.5 49.7  10.4 0.7 
CONH2 1.819 1.170 23.6 32.8 50.6  1.811 1.173 23.1 15.1 46.8  10.9 0.36 
CONHCH3 1.818 1.171 23.5 32.9 50.3  1.812 1.173 23.0 14.7 46.6  10.9 0.36 
COOH 1.826 1.168 23.8 32.0 52.3  1.818 1.171 23.5 16.1 48.0  10.7 0.45 
CO2CH3 1.823 1.169 23.7 32.5 51.6  1.816 1.172 23.4 15.9 47.5  10.8 0.45 
CH2SCN 1.815 1.172 23.3 33.5 49.5  1.810 1.174 22.7 13.9 46.1  11.1 0.14 
CSNH2 1.821 1.170 23.2 32.5 50.9  1.814 1.172 22.9 15.4 47.2  10.9 0.3 
CSNHCH3 1.811 1.173 22.5 33.9 48.4  1.807 1.175 21.9 13.6 45.1  11.1 0.34 
CH3SO2CF3 1.819 1.170 23.6 33.0 50.5  1.814 1.173 23.1 14.3 47.0  10.9 0.31 
F 1.814 1.172 22.7 33.2 48.8  1.811 1.174 22.0 10.5 46.2  11.1 0.06 
H 1.811 1.173 23.3 33.9 48.6  1.806 1.175 22.7 13.4 45.2  11.2 0 
NH2 1.807 1.174 22.5 34.4 47.6  1.803 1.176 21.8 13.4 44.1  11.3 -0.66 
N(CH3)2 1.801 1.177 18.2 35.2 44.4  1.796 1.180 17.4 33.6 41.6  11.5 -0.83 
N=CCl2 1.815 1.172 22.3 33.2 49.1  1.811 1.174 21.6 13.2 45.8  11.0 0.13 
NHCN 1.814 1.172 21.8 33.2 48.5  1.812 1.174 21.1 12.8 45.9  11.1 0.06 
N=C=O 1.816 1.171 22.2 33.1 49.3  1.812 1.174 21.6 13.3 46.1  11.0 0.19 
NHCOCH3 1.810 1.173 21.4 33.9 47.6  1.807 1.176 20.7 18.1 44.2  11.2 0 
NHCONH2 1.807 1.174 20.8 34.3 46.8  1.805 1.177 20.1 30.7 44.1  11.4 -0.24 
NHCOOCH3 1.809 1.174 21.2 34.0 47.3  1.807 1.176 20.5 27.6 44.6  11.2 -0.17 
N=C=S 1.822 1.170 22.1 32.5 50.6  1.817 1.172 21.5 13.7 47.4  10.8 0.38 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σp 
NHCSCH3 1.814 1.172 21.8 33.4 48.8  1.809 1.175 21.0 13.6 45.3  11.1 0.12 
NHCSNH2 1.816 1.172 21.9 33.0 49.2  1.813 1.173 21.4 13.5 46.4  11.0 0.16 
N(CH3)SO2CH3 1.813 1.172 22.4 33.5 48.8  1.809 1.174 21.6 13.1 45.6  11.1 0.24 
NHNH2 1.800 1.177 18.4 35.2 44.6  1.796 1.180 17.6 32.8 41.8  11.5 -0.55 
N=NCF3 1.837 1.166 23.4 30.1 54.8  1.828 1.168 23.2 18.3 50.1  10.4 0.68 
NNCN 1.849 1.163 23.1 29.2 57.7  1.838 1.166 23.2 20.6 52.2  10.0 1.03 
N3 1.815 1.172 21.6 33.2 48.8  1.811 1.174 20.9 13.6 45.6  11.0 0.08 
NHNO2 1.819 1.171 22.2 32.8 49.8  1.813 1.173 21.5 13.5 46.5  10.9 0.57 
NO 1.842 1.164 23.7 29.6 55.9  1.831 1.167 23.7 19.2 50.8  10.3 0.91 
NO2 1.838 1.165 24.2 30.0 55.2  1.830 1.168 24.1 17.5 50.5  10.3 0.78 
NHSO2CH3 1.810 1.174 21.6 34.0 47.6  1.809 1.175 20.9 15.8 45.3  11.2 0.03 
NHSO2CF3 1.818 1.171 22.3 32.9 49.9  1.814 1.173 21.8 13.5 46.7  10.9 0.39 
N(SO2CH3)2 1.824 1.169 NA 32.0 51.6  1.816 1.172 NA 14.9 47.6  NA 0.49 
OH 1.807 1.174 21.2 34.1 46.7  1.804 1.177 20.5 18.8 44.1  11.3 -0.37 
OCH3 1.806 1.175 21.1 34.3 46.5  1.804 1.177 20.4 32.4 43.8  11.4 -0.27 
OCH2CH3 1.805 1.175 21.0 34.4 46.4  1.803 1.177 20.3 32.4 43.6  11.4 -0.24 
OCH2Cl 1.810 1.173 22.0 33.9 47.7  1.809 1.175 21.2 22.9 45.1  11.2 0.08 
OCHCl2 1.816 1.171 23.2 33.2 49.6  1.813 1.173 22.6 13.4 46.6  11.0 0.26 
OCCl3 1.820 1.170 23.5 32.7 50.6  1.815 1.172 22.9 13.4 47.1  10.9 0.35 
OCH2F 1.809 1.174 22.0 33.9 47.6  1.807 1.176 21.3 16.9 44.4  11.2 0.02 
OCHF2 1.813 1.172 22.6 33.3 48.6  1.811 1.174 21.8 13.8 45.6  11.2 0.18 
OCF2CF3 1.820 1.170 23.5 32.7 50.5  1.815 1.172 22.9 13.5 47.2  10.9 0.28 
OCF3 1.817 1.171 22.7 33.0 NA  1.813 1.173 22.0 13.3 46.2  11.0 0.35 
OCN 1.822 1.170 23.2 32.3 50.8  1.817 1.172 22.6 13.2 47.6  10.8 0.54 
OCOCH3 1.812 1.172 22.8 33.7 48.6  1.809 1.175 22.2 13.3 45.5  11.1 0.31 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σp 
ONO2 1.824 1.169 23.6 32.2 51.5  1.818 1.171 23.1 14.1 47.9  10.7 0.7 
OS(=O)CH3 1.811 1.173 22.2 33.7 48.2  1.810 1.175 21.5 15.2 45.1  11.2 0.45 
OSO2CH3 1.816 1.171 23.4 33.2 49.7  1.812 1.173 22.8 13.5 46.4  11.0 0.36 
OSO2CF3 1.823 1.169 23.6 32.2 51.2  1.818 1.171 23.0 13.9 47.8  10.8 0.53 
PCC 1.811 1.173 21.9 34.0 48.3  1.808 1.174 20.7 13.8 45.7  11.2 0.06 
PCl2 1.829 1.168 23.9 31.2 52.9  1.821 1.170 23.6 15.8 48.7  10.6 0.61 
PF2 1.828 1.168 24.0 31.4 52.7  1.821 1.170 23.8 15.6 48.6  NA 0.59 
PF4 1.836 1.166 24.4 30.5 54.8  1.827 1.168 24.3 17.6 49.9  10.3 0.8 
P(O)Cl2 1.836 1.166 24.2 30.4 54.6  1.828 1.168 24.1 16.4 50.2  10.4 0.9 
POF2 1.837 1.166 24.4 30.2 55.0  1.826 1.168 24.3 17.1 49.9  10.3 0.89 
SH 1.813 1.173 21.5 33.5 48.4  1.809 1.175 20.7 11.3 45.6  11.1 0.15 
SCH3 1.811 1.173 20.7 33.8 47.8  1.809 1.176 19.9 31.8 45.0  11.2 0 
SCCH 1.816 1.172 21.8 33.2 49.3  1.811 1.174 21.1 13.3 45.9  11.0 0.19 
SCH2F 1.814 1.172 21.8 33.5 48.8  1.810 1.174 21.2 13.5 45.6  11.1 0.2 
SCHF2 1.818 1.171 22.4 33.0 50.0  1.816 1.172 21.8 14.8 47.6  10.9 0.37 
SCF2CF3 1.825 1.169 23.7 31.9 52.0  1.819 1.171 23.3 15.2 48.3  10.7 0.48 
SCF3 1.825 1.169 23.9 32.2 52.0  1.819 1.171 23.6 15.2 48.2  10.7 0.5 
SCl 1.817 1.172 NA 33.1 49.2  1.821 1.170 NA 16.7 48.7  11.0 0.48 
SCN 1.823 1.170 22.7 32.3 50.9  1.817 1.172 22.2 13.9 47.5  10.8 0.52 
SCOCH3 1.818 1.171 23.0 33.1 50.1  1.812 1.173 22.5 14.4 46.5  10.9 0.44 
SCOCF3 1.825 1.169 23.7 32.3 51.9  1.818 1.171 23.3 15.2 48.1  NA 0.46 
SiBr3 1.826 1.168 23.9 32.0 52.3  1.819 1.171 23.6 15.6 48.2  10.6 0.57 
SiCHCl2 1.819 1.170 23.8 33.0 50.6  1.813 1.173 23.4 14.5 46.9  10.9 0.39 
SiCHF2 1.818 1.171 23.8 33.2 50.4  1.812 1.173 23.3 14.6 46.7  10.9 0.23 
SiCl3 1.826 1.168 24.0 32.0 52.2  NA NA NA 15.6 48.1  10.7 0.56 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted para-R–C6H4–SNOs. 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σp 
SiF3 1.827 1.168 24.1 31.9 52.5  1.819 1.171 23.8 15.8 48.3  10.6 0.69 
SN(CH3)2 1.809 1.174 20.6 34.1 47.4  1.807 1.176 19.9 23.6 44.5  11.2 0.09 
SOCH3 1.819 1.170 23.4 33.0 50.4  1.813 1.173 22.8 14.3 46.9  NA 0.49 
SOCHF2 1.829 1.168 23.7 31.7 52.7  1.820 1.170 23.4 15.3 48.5  10.6 0.58 
SOCF3 1.831 1.167 23.9 30.9 53.3  1.823 1.170 23.7 15.9 49.0  10.5 0.69 
SOF 1.831 1.167 24.2 31.3 53.4  1.824 1.169 23.9 16.5 49.3  10.5 0.83 
SO2 1.824 1.169 23.9 32.3 51.8  1.819 1.171 23.5 15.0 48.3  10.8 -0.07 
SO2CH3 1.826 1.168 24.2 32.3 52.3  1.821 1.170 23.9 16.0 48.7  10.7 0.72 
SO2Et NA NA NA 32.2 51.3  1.821 1.170 23.9 15.6 48.7  NA 0.77 
SO2CHF2 1.839 1.165 24.5 29.9 55.5  1.829 1.168 24.4 17.4 50.5  10.3 0.86 
SO2CF2CF3 1.843 1.164 NA 29.6 56.4  1.834 1.166 NA 17.8 51.4  10.2 1.08 
SO2CF3 1.842 1.164 24.7 29.6 56.3  1.834 1.166 24.7 17.7 51.6  10.2 0.96 
SO2Cl 1.842 1.164 NA 29.4 56.0  1.833 1.167 NA 17.2 51.2  10.2 1.11 
SO2CN 1.848 1.163 NA 29.1 57.6  1.838 1.165 NA 18.3 52.4  10.0 1.26 
SO2F 1.842 1.164 24.6 29.5 56.0  1.831 1.167 24.5 17.4 51.0  10.2 0.91 
SO2NH2 1.825 1.169 23.9 32.3 52.0  1.820 1.170 23.4 15.3 48.6  10.7 0.6 
SO2NMe2 NA NA NA 32.3 51.6  1.819 1.171 23.4 14.9 48.2  NA 0.65 
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Table A-8. Selected geometrical parameters (bond lengths in Å), energetic parameters (BDE and cis-trans isomerization in kcal/mol and zero point corrected), 
and NBO interaction energies (∆Eij(2) estimates in kcal/mol) from solvent calculations of substituted meta-R–C6H4–SNOs. 
 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σm 
BF2 1.818 1.171 23.7 32.9 50.1  1.812 1.173 23.2 13.7 46.7  10.9 0.32 
B(OH)2 1.813 1.172 23.1 33.5 48.9  1.807 1.175 22.6 13.6 45.4  11.0 -0.01 
Br 1.821 1.170 23.5 32.4 50.9  1.817 1.172 23.0 13.1 47.5  10.8 0.39 
CH3 1.808 1.173 23.1 34.4 48.0  1.803 1.176 22.5 13.3 44.5  11.2 -0.07 
CH2Br 1.813 1.172 23.5 33.6 49.2  1.809 1.174 22.9 13.2 45.9  11.1 0.12 
CHBr2 1.821 1.170 23.3 32.4 50.7  1.816 1.172 22.7 13.2 47.3  10.8 0.31 
CBr3 1.822 1.170 23.4 NA NA  1.817 1.172 22.9 12.6 47.4  10.8 0.28 
CCH 1.818 1.171 23.6 33.0 50.1  1.812 1.173 23.0 13.4 46.4  10.9 0.21 
CH2CF3 1.813 1.172 23.5 33.7 49.1  1.809 1.174 22.9 13.4 45.8  11.1 0.12 
CH2Cl 1.813 1.172 23.4 33.3 49.2  1.809 1.174 22.9 13.8 45.9  11.1 0.11 
CHCl2 1.821 1.170 23.3 32.5 50.7  1.816 1.172 22.8 13.2 47.3  10.8 0.31 
CClClCl 1.822 1.170 23.5 32.1 51.0  1.817 1.172 23.0 12.8 47.5  10.8 0.4 
CClF2 1.823 1.169 23.7 32.2 51.3  1.817 1.171 23.2 14.0 47.8  10.8 0.42 
CH2CN 1.815 1.171 23.4 32.7 49.7  1.816 1.171 23.5 NA NA  10.9 0.16 
CH(CN)2 1.827 1.169 23.6 31.0 52.0  1.823 1.170 23.1 13.5 48.8  10.6 0.53 
CH2CONH2 1.810 1.173 23.6 33.4 48.6  1.809 1.174 22.9 13.3 45.9  11.3 0.06 
CH2F 1.813 1.172 23.4 33.6 49.1  1.809 1.174 22.8 13.4 45.9  11.1 0.12 
CHF2 1.816 1.171 23.6 32.7 49.8  1.812 1.173 23.1 13.6 46.6  11.0 0.29 
CF2CF3 1.825 1.169 23.7 31.8 51.7  1.818 1.171 23.3 14.2 47.8  10.7 0.47 
CF3 1.824 1.169 23.7 32.0 51.4  1.818 1.171 23.2 14.0 47.9  10.8 0.43 
CH2I 1.812 1.172 23.4 33.8 49.1  1.809 1.174 22.8 13.1 45.8  11.1 0.1 
CHI2 1.818 1.170 23.7 32.8 50.4  1.815 1.172 23.1 12.7 47.2  10.9 0.26 
Cl 1.820 1.170 23.5 32.6 50.8  1.816 1.172 23.0 13.3 47.3  10.8 0.37 
CN 1.829 1.168 23.9 31.4 52.7  1.823 1.170 23.5 14.0 49.0  10.6 0.56 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σm 
CH=NOCH3 1.815 1.172 23.2 32.8 49.5  1.810 1.174 22.6 13.4 46.1  11.0 0.37 
CH2OH 1.808 1.173 23.2 34.1 48.1  1.803 1.176 22.6 13.5 44.6  11.2 0 
COCH3 1.818 1.171 23.4 32.8 50.1  1.813 1.173 22.9 13.4 46.7  10.8 0.38 
COCF3 1.827 1.168 23.8 31.7 52.1  1.821 1.170 23.4 13.9 48.6  10.7 0.63 
COCl 1.826 1.169 23.9 31.8 51.9  1.819 1.171 23.4 14.3 48.2  10.7 0.51 
COF 1.826 1.169 23.9 31.8 51.9  1.820 1.170 23.4 14.0 48.4  10.7 0.55 
CONH2 1.815 1.172 23.5 32.7 49.5  1.809 1.174 22.9 14.2 46.0  11.0 0.28 
CONHCH3 1.814 1.172 23.4 32.4 49.3  1.808 1.174 22.8 14.6 45.8  11.0 0.35 
COOH 1.820 1.170 23.7 32.7 50.5  1.814 1.172 23.2 13.9 47.0  10.9 0.37 
CO2CH3 1.817 1.171 23.6 33.0 50.0  1.812 1.173 23.1 13.8 46.5  10.9 0.37 
CH2SCN 1.814 1.172 23.6 32.6 49.4  1.809 1.174 23.0 13.5 46.0  11.0 0.12 
CSNH2 1.814 1.172 23.4 32.9 49.5  1.811 1.173 22.9 14.3 46.4  11.0 0.25 
CSNHCH3 1.808 1.173 23.1 33.2 48.0  1.805 1.176 22.5 14.0 44.8  11.2 0.3 
CH3SO2CF3 1.818 1.171 23.5 32.2 50.2  1.813 1.173 23.0 13.9 46.8  10.8 0.29 
F 1.819 1.170 23.5 32.8 50.6  1.815 1.173 22.9 13.2 47.1  10.9 0.34 
H 1.811 1.173 23.3 33.9 48.6  1.806 1.175 22.7 13.4 45.2  11.2 0 
NH2 1.805 1.174 23.0 34.9 47.5  1.799 1.177 22.4 13.2 43.7  11.3 -0.16 
N(CH3)2 1.801 1.175 22.9 34.3 46.8  1.797 1.178 22.4 14.0 43.1  11.3 -0.16 
N=CCl2 1.816 1.171 23.4 32.7 49.9  1.811 1.173 22.9 13.3 46.3  11.0 0.21 
NHCN 1.819 1.170 23.4 32.7 50.4  1.813 1.173 22.9 13.8 46.7  10.8 0.21 
N=C=O 1.818 1.170 23.5 32.8 50.4  1.814 1.173 23.0 13.3 47.0  10.9 0.27 
NHCOCH3 1.813 1.172 23.2 33.3 49.1  1.807 1.175 22.6 13.3 45.4  11.0 0.21 
NHCONH2 1.805 1.174 23.6 33.4 47.9  1.805 1.176 24.1 13.3 44.8  11.2 -0.03 
NHCOOCH3 1.813 1.172 23.2 33.4 49.1  1.807 1.175 22.7 13.4 45.3  11.0 -0.02 
N=C=S 1.822 1.170 23.7 32.4 51.1  1.817 1.172 23.2 13.4 47.6  10.8 0.48 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σm 
NHCSCH3 1.817 1.171 23.6 32.7 50.2  1.810 1.174 23.5 13.2 46.2  10.9 0.24 
NHCSNH2 1.807 1.174 23.8 34.2 48.4  1.805 1.175 21.3 13.6 45.1  11.2 0.22 
N(CH3)SO2CH3 1.812 1.172 23.4 32.2 49.0  1.808 1.174 22.8 13.5 45.7  11.0 0.21 
NHNH2 1.805 1.174 22.7 34.6 47.6  1.798 1.178 21.7 13.3 43.3  11.2 -0.02 
N=NCF3 1.826 1.169 23.8 31.7 52.0  1.820 1.170 23.3 13.8 48.5  10.7 0.56 
NNCN 1.831 1.167 24.0 30.3 53.0  1.829 1.168 23.6 13.6 50.5  10.6 0.71 
N3 1.818 1.171 23.3 33.0 50.2  1.813 1.173 22.8 13.0 46.7  10.8 0.37 
NHNO2 1.820 1.170 23.5 32.3 50.7  1.815 1.172 23.0 14.0 47.2  10.8 0.91 
NO 1.827 1.168 23.7 30.6 52.2  1.824 1.169 23.3 13.4 49.5  10.7 0.62 
NO2 1.831 1.167 24.0 31.3 53.0  1.824 1.169 23.6 13.9 49.3  10.6 0.71 
NHSO2CH3 1.808 1.173 23.8 33.2 48.5  1.809 1.174 23.3 14.0 46.0  11.3 0.2 
NHSO2CF3 1.820 1.170 23.5 31.0 50.8  1.814 1.172 23.0 14.3 47.2  10.8 0.44 
N(SO2CH3)2 1.819 1.170 23.5 31.0 50.5  1.812 1.173 23.1 14.2 46.8  10.7 0.47 
OH 1.812 1.172 23.0 33.7 49.0  1.805 1.175 22.4 13.9 45.1  11.1 0.12 
OCH3 1.810 1.173 22.8 33.0 48.5  1.804 1.176 22.3 13.5 44.6  11.1 0.12 
OCH2CH3 1.809 1.173 22.8 32.5 48.3  1.803 1.176 22.3 14.0 44.4  11.2 0.1 
OCH2Cl 1.812 1.172 23.2 32.9 49.0  1.810 1.174 22.6 13.2 46.0  11.1 0.25 
OCHCl2 1.817 1.171 23.5 33.0 50.1  1.813 1.173 23.0 13.5 46.7  10.9 0.38 
OCCl3 1.822 1.169 23.6 32.1 51.1  1.817 1.172 23.1 13.5 47.5  10.8 0.43 
OCH2F 1.811 1.172 23.3 32.6 48.8  1.807 1.175 22.8 14.3 45.4  11.1 0.2 
OCHF2 1.816 1.171 23.3 31.9 49.8  1.811 1.173 22.9 14.6 46.4  10.9 0.31 
OCF2CF3 1.823 1.169 23.6 32.3 51.3  1.818 1.171 23.1 13.7 47.8  10.8 0.48 
OCF3 1.822 1.169 23.6 32.3 51.2  1.817 1.172 23.1 14.0 47.6  10.8 0.38 
OCN 1.827 1.168 23.8 31.5 52.4  1.822 1.170 23.4 13.8 48.8  10.6 0.67 
OCOCH3 1.815 1.171 23.4 33.3 49.7  1.811 1.173 22.7 13.4 46.4  11.0 0.39 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σm 
ONO2 1.825 1.169 23.7 32.1 51.6  1.820 1.171 23.2 13.5 48.2  10.7 0.55 
OS(=O)CH3 1.816 1.171 23.5 32.5 49.8  1.810 1.174 23.0 13.4 46.2  11.0 0.44 
OSO2CH3 1.816 1.171 23.6 31.4 50.0  1.813 1.173 22.6 13.7 46.9  11.0 0.39 
OSO2CF3 1.829 1.168 23.6 29.5 52.5  1.821 1.170 23.2 14.2 48.6  10.5 0.56 
PCC 1.812 1.172 23.4 33.0 48.9  1.807 1.175 22.8 14.9 45.4  11.1 0.03 
PCl2 1.824 1.169 23.5 31.8 51.5  1.819 1.171 23.0 13.4 48.1  10.7 0.54 
PF2 1.823 1.170 23.6 32.2 51.2  1.818 1.171 23.1 13.7 47.8  10.8 0.49 
PF4 1.826 1.169 24.0 31.7 51.9  1.820 1.170 23.5 14.1 48.4  10.7 0.63 
P(O)Cl2 1.828 1.168 23.9 31.1 52.4  1.822 1.170 23.5 14.4 48.8  10.6 0.78 
POF2 1.830 1.167 24.0 31.2 52.9  1.826 1.169 23.5 13.5 49.8  10.5 0.81 
SH 1.815 1.171 23.3 33.1 49.7  1.809 1.174 22.8 13.3 46.0  11.0 0.25 
SCH3 1.812 1.172 22.9 33.3 49.0  1.806 1.175 22.4 13.6 45.2  11.1 0.15 
SCCH 1.817 1.171 23.4 33.1 50.1  1.812 1.173 22.9 13.6 46.4  10.9 0.26 
SCH2F 1.812 1.172 23.4 33.0 49.2  1.809 1.174 22.9 14.2 46.0  11.0 0.23 
SCHF2 1.819 1.170 23.7 32.5 50.4  1.818 1.171 23.0 13.2 47.9  10.9 0.33 
SCF2CF3 1.822 1.169 23.8 32.1 51.2  1.817 1.171 23.3 14.1 47.6  10.8 0.44 
SCF3 1.825 1.169 23.7 32.0 51.7  1.818 1.171 23.2 13.9 47.9  10.7 0.4 
SCl 1.823 1.170 23.6 32.0 51.2  1.817 1.172 23.1 14.3 47.7  10.8 0.44 
SCN 1.826 1.169 23.7 31.8 52.0  1.820 1.171 23.2 13.6 48.2  10.6 0.51 
SCOCH3 1.816 1.171 23.4 32.7 49.8  1.811 1.173 22.9 13.2 46.5  11.0 0.39 
SCOCF3 1.822 1.170 23.7 31.9 51.1  1.818 1.171 23.2 13.3 48.0  10.8 0.48 
SiBr3 1.821 1.170 23.7 32.4 50.9  1.816 1.172 23.1 13.4 47.4  10.8 0.48 
SiCHCl2 1.814 1.172 23.6 33.4 49.4  1.811 1.173 23.1 13.1 46.5  11.0 0.31 
SiCHF2 1.814 1.172 23.6 33.3 49.4  1.811 1.174 23.1 13.3 46.3  10.9 0.29 
SiCl3 1.821 1.170 23.6 32.3 50.9  1.816 1.172 23.2 13.6 47.3  10.8 0.48 
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 cis-  trans-    
R r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   r(S–N) r(N–O) BDE nS→πNO*  nO→σSN*   cis–trans σm 
SiF3 1.822 1.170 23.7 32.3 51.1  1.817 1.172 23.2 13.8 47.6  10.8 0.54 
SN(CH3)2 1.809 1.173 23.1 33.7 48.3  1.803 1.176 22.5 13.3 44.7  11.2 0.12 
SOCH3 1.817 1.171 23.7 31.7 50.1  1.812 1.173 23.2 14.6 46.8  10.9 0.52 
SOCHF2 1.822 1.170 24.0 30.5 51.3  1.820 1.170 23.5 13.5 48.4  10.9 0.54 
SOCF3 1.828 1.168 23.8 31.1 52.4  1.823 1.170 23.4 13.6 49.0  10.6 0.63 
SOF 1.828 1.168 23.8 31.6 52.4  1.823 1.170 23.3 13.7 48.9  10.6 0.74 
SO2 1.821 1.170 23.9 32.0 51.0  1.816 1.172 23.5 14.6 47.5  10.9 -0.04 
SO2CH3 1.821 1.170 24.0 31.5 51.0  1.819 1.171 23.5 13.8 48.2  10.9 0.6 
SO2Et 1.820 1.170 24.0 31.5 50.9  1.820 1.171 23.5 13.2 48.3  10.9 0.66 
SO2CHF2 1.833 1.167 24.0 30.5 53.5  1.825 1.169 23.6 14.8 49.4  10.5 0.75 
SO2CF2CF3 1.835 1.166 24.2 29.4 54.1  1.829 1.168 23.8 14.5 50.3  10.4 0.92 
SO2CF3 1.835 1.166 24.2 28.6 54.0  1.831 1.167 23.8 13.6 50.9  10.5 0.83 
SO2Cl 1.835 1.166 24.1 30.0 54.8  1.828 1.168 23.7 15.0 50.1  10.4 1.2 
SO2CN 1.839 1.165 24.3 29.8 54.0  1.832 1.167 23.9 14.6 51.0  10.3 1.1 
SO2F 1.835 1.166 24.1 29.7 54.0  1.829 1.168 23.8 14.3 50.2  10.4 0.8 
SO2NH2 1.821 1.170 23.8 32.4 50.9  1.818 1.171 23.3 13.6 47.8  10.8 0.53 
SO2NMe2 1.818 1.171 24.1 31.3 50.5  1.817 1.171 23.5 13.5 47.8  11.0 0.51 
PCM-PBE0/def2-TZVPPD solvent (diethyl ether, ε=4.24) calculations of substituted para-R–C6H4–SNOs. 
 
